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CLUSTERS: AGE SCALES FOR STELLAR PHYSICS
David Barrado1
Abstract. Ages are key to truly understand a large plethora of astrophysical
phenomena. On the other hand, stellar clusters are open windows to understand
stellar evolution, specifically, the change with time and mass of different stellar
properties. As such, they are our laboratories where different theories can be
tested, but without accurate ages, our knowledge would impaired. We revisit
here a large number of age-dating techniques and discuss their advantages and
draw-backs. In addition, a step-by step process is suggested in order to built
a coherent age scale ladder, minimizing the error budget and the sources of
uncertainty.
1 Introduction
This lecture was imparted during several days at the “Ecole Evry Schatzman”, which with
the title “Stellar Clusters: benchmarks of stellar physics and galactic evolution”, was held
on Banyuls sur Mer, France, on 4-9 October 2015. The rationale of the schools declared:
“Clusters are also cornerstones for understanding stellar physics and for constraining
increasingly sophisticated models of stellar structure and evolution. In the modeling, it is
becoming possible and necessary to account for various processes related to interactions
between neighbor stars and with their environment (disc, planets, interstellar medium).
These interactions, which strongly depend on the cluster density, affect the early evolution
of stars by modifying their mass during accretion phases, their multiplicity rate, their
disc, and, in fine, planetary formation and the initial mass function.” Underlying these
properties were a great unknown: stellar ages, which obviously are essential to understand
the evolution of any stellar property.
The age scale (or better, age scales, in plural) is very important for different reasons
and we will try to revisit these here. But to illustrate how relevant it is, we can look
back to the history of science, in particular to the XIX century. It was assumed that the
known, conventional energy sources could not account for the solar output. The Kelvin-
Helmholtz mechanism, based on gravitational contraction, proposed by William Thomson
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and Herman von Helmholtz, could only account by about 22 Myr. However, geology
imposed some limits since it was already known that Earth was much older, and the
energy emission rate of the Sun was therefore not sustainable. Therefore, some new
mechanism laid behind. What physicists did not know was that complete new branch of
physics was at hand: relativity and quantum mechanics. Eventually the nuclear reactions
were identified as the culprit (Bethe 1939). This is an important lesson: pieces which do
not match in this enormous puzzle (our understanding of natural phenomena) do provide,
eventually, very interesting hints for new avenues and discoveries. Age and related issues
belong to this category.
In the recent years the age problem has summarized quite comprehensively. To name a
few, Mamajek et al. (2008) –the result of a splinter session held during the 14th Cambridge
Workshop on Cool Stars, Stellar Systems, and the Sun; Soderblom (2010) –a general
review, but mostly pre-main sequence and late-type dwarfs; Soderblom et al. (2014) –
centered on stars younger than 100 Myr; and Jeffries (2014) –focusing on low-mass stars–
have discussed different techniques from some how diverse approaches, in some cases
focusing on specific perspectives. On the other hand, it has been shown that some age
scales are not converging in some key cases, such as the cosmological age and the value
derived for the older globular clusters (D’Antona et al. 1997). Our main goal here is not
only to provide an update, but to emphasize the limits and the caveats related to different
methods, and to include some thought from a historical perspective.
2 Age scale: anchors and epistemology
2.1 Some initial thoughts and a historical perspective
Epistemology is the discipline that study the way knowledge is achieved in science, es-
pecially with reference to its limits and validity. Therefore, it has to be kept in mind,
specially when dealing with a subject as elusive as stellar ages.
Science is a historical process as well as a mental construction. We build upon knowl-
edge acquired previously, it is not ex novo. Sometimes everything falls apart when we
move a piece, like in the game called “jenga”; sometimes a reshuffle is needed in order
to get it right. But we have to keep intact the whole structure, although it is true that
sometimes we do not have to do so and a true revolution completely modifies our view of
the universe. Moreover, we have already said that science is a immense puzzle, but in the
case of the stellar ages we are still missing many pieces.
In this context, what do we mean when we say that the temporal scale of disk dissipa-
tion is 10 Myr or that giant planets are formed after this time, to mention two examples?
Before discussing this subject, it might be illuminating to tell a two hundred year old
story.
After the French revolution in 1789, the French Directory or governing body asked
the Academy of Science to provide a standard metrology, the meter. Standardization had
been in the air and everybody recognized that the very large amount of scales, even within
a country, was a real problem. So two young scientists, P. F. Me´chain and J.-B. Delam-
bre, were sent to measure by triangulation the meridian from Dunkirk (Dunkerque) to
Barcelona and from this value derived a rational standard. This task lasted several years
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Fig. 1. Comparison of different age scales: values derived from Upper Main-Sequence Turn OFF
(nuclear, using the more massive members) versus low-mass isochrone fitting (contracting age in
the PMS). The two lines correspond to the relation 1:1 and to an increase in a 50% between both
methodologies to derive ages. Figure taken from Barrado y Navascue´s et al. (2011).
and it was carried out during internal strife and wars against other continental powers (but
cooperation with Spanish scientists was maintained even were troops of both countries
were fighting against each other not far away). The computations were tied to the deter-
mination of the latitudes of the extremes. Several stars were used together with a very
precise new instrument, the circle of repetition invented by J.-C. de Borda few years be-
fore, an extremely precise tool. Unfortunately the methodology itself was not so accurate.
Me´chain knew there was a problem (mostly in his several measurements of the latitude
of Barcelona, in Spain), but was unable to understand the origin and to correct it. He
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Fig. 2. A comparison between different age scales: Lithium Depletion Boundary scale (blue) versus
isochrones (brown). There are significant disagreements between different age scales, up to 50%.
Our true and only stellar anchors are the age of the Universe and the Sun. The time scale for several
astrophysical phenomena such as the formation of rocky and gas planets or the dissipation of the
protoplanetary disks are also displayed (left, in magenta). Thus, the age estimate for much younger
associations can be affected by very strong biases.
struggled for years and tried not to publish his data. So, although by definition the length
of the meridian should have been 10,000,000 meters (actually, the other way around), the
actual length is 10,002,290 meter. The culprit, actually, falls on the Directory, who rushed
the publication of the preliminary results even before finishing the acquisition of the mea-
surements (political meddling with science is never good). In any case, Me´chain was
not aware of –nobody at that time was– the difference between accuracy and precision.
The definition from the Webster dictionary reads: accuracy, “degree of conformity of a
measure to a standard or a true value”; precision, “the degree of refinement with which
an operation is performed or a measurement stated”. So, we might be very precise, but
without accuracy the analysis might be done to no avail. Thus we should achieve true
accuracy, this is the challenge, and be aware where the limits are.
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2.2 Time scale in Astrophysics: What do we really know?
In order to define an age scale (or several), it is very important to keep in mind that
we cannot make experiments except in very few situations and we rely on observations
and theory. Thus, observational phenomena with very well defined ages, our anchors,
are extremely important. As a matter of fact, there is a scarcity of them and, moreover,
several results do not agree with each other completely. One example is the different age
scales for open clusters, since there are several ways to estimate this parameter, as we
will see. Among them, the so called upper main sequence turn off (UMSTO), a nuclear
age whose observational evidence is the departure of the massive members of a cluster
once the central hydrogen has been exhausted, has been widely used. Another one valid
for young associations is the isochrone fitting for low-mass stars. However, when these
two values for several clusters are compared (see Lyra et al. 2006 or Fig.1 extracted from
Barrado y Navascue´s et al. 2011), there are significant deviations from the one-to-one
relationship. In both cases, the derived age depends on a comparison with stellar models.
Obviously, some parameter has not been taken into account in any or the other method (or
in both). Thus, it is paramount to try to identify anchors which do not depend on theory
or, when this is unavoidable, the theory is very well understood and errors and biases are
minimized and fully characterized.
There are two true anchors for the astrophysical age scale. The first one it the total age
of the universe. The current estimate is 13.799±0.021 Gyr and it has been derived based
on the Lambda cold dark matter concordance model ( ΛCDM, Planck Collaboration et al.
2015). Thus, it is not a direct observable (we shall see that there is a disagreement with
the age derived for the globular clusters and some current stellar evolutionary models).
The second firmly established anchor is the age of the Solar System. The Sun is about
4.57 Gyr old. This value comes from two different methodologies based on estimates for
the Sun as a star and for the the remnants of the formation of the Solar System:
• Computer models of stellar evolution and asteroseismology (Bonanno et al. 2002),
which gives a value of 4.57±0.11 Gyr. Again, this method is model dependent and
subject of revision of a significant number of parameters.
• Radiometric date of the oldest Solar System material. Several techniques produce
4.5672±0.0006 Gyr (Amelin et al. 2002) or 4.5695±0.0002 (Baker et al. 2005, with
an amazingly small errors). See also Bahcall et al. (1995).
In addition, the uranium and thorium decays have been used to estimate the age of
the oldest stars in the Galaxy, providing a minimum value of 12.5±3 Gyr (Cayrel et al.
2001), not very useful but a promising technique. It is based on the atmospheric abun-
dances of these two heavy elements, since 238U and 232Th have a half-life times of 4.5
Gyr and 14 Gyr, respectively. In any case, radioactive ages can be considered model-free,
but unfortunately their applicability is very reduced. However, they provide the most im-
portant clues when deriving age scales. However, this is restricted to population II, with
low metallicity, since the uranium and thorium lines are weak and can be hidden by other
spectral features.
Figure 2 displays these main age anchors and compares them with characteristic times
of several phenomena such as the formation of giant gas planets (∼5 Myr), the dissipation
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of protoplanetary disks (∼10 Myr), the formation of rocky planets (∼100 Myr) or the
life-time of a 1 M star in the main sequence (10 Gyr). In addition, age estimates of
several well known clusters have been included. On the right-hand side estimates from
the Lithium Depletion Boundary (LDB, see subsection 3.2.2), whereas the left-hand side
includes values derived from isochrone fitting (both model dependent, but the modeling
behind the LDB ages is simpler). As can be seen, a significant fraction of the most
interesting phenomena occur outside the age range delimited by our anchors. This is
one of the main problems of age dating: how to validate our methods and link them to a
firmly established foundation.
Certainly, clusters have been used as benchmarks in order to calibrate different scales
(see Soderblom 2010). They provide, in principle, homogeneous samples of stars of
different masses and the same chemical composition and age. However, other parameters,
such as rotation, binarity, activity and magnetic fields, some of them interrelated, might
play a significant role, as we will see.
One very important element, sometimes hidden, is the distance, or to be more sys-
tematic, the “distance scales”. They have been derived based on three different types of
candles, from primary (trigonometric distances such as the Hipparcos distances used on
Fig. 2) to tertiary candles, in a “distance ladder”, where in principle the error propagation
is controlled, although the error budget is always increasing. In the same manner, a “age
ladder” has been advocated, as discussed in Renzini (1992), by extending ages in the solar
neighborhood into distant phenomena such as globular clusters and other galaxies. As this
author has shown, it is significantly more difficult to estimate ages than distances, among
other reasons because observations and theory are intertwined. As he pointed out: “often
losing track of how errors propagate and pile up”. Thus, real errors, and not just crude
estimates, have to be taken into account, and this is a task that sometimes is forgotten or
just “swept below the carpet”.
2.3 Age scale: classifications
Several proposals have been put forward when cataloguing the age-dating methods. We
will revisit some of them here.
2.3.1 A empirical classification
Jean-Claude Mermilliod (see Mermilliod 2000) provided one of the first comprehensive
classifications of the methods used for age-dating for clusters:
• The turn-off colours or earliest spectral types.
• Morphological parameters.
• Isochrone fitting.
• Synthetic Color-Magnitude Diagrams.
• Pre-main sequence stars and Turn-On point.
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Fig. 3. A schematic collection of techniques commonly used to estimate stellar ages: lithium
abundance, isochrone fitting, evolution of rotation, coronal activity and kinematic groups.
• Lithium Depletion Boundary for very low-mass stars and brown dwarfs (BD).
We refer the reader to the quoted paper for a detailed explanation.
Figure 3 displays a cartoon with several of these methods: lithium evolution, the
location in a HR diagram as the star settles in the main sequence, the change in the rotation
rate as angular momentum is lost, the decrease of coronal activity due to the same reason
and coevality in moving groups. They will be described in some detail in the appropriate
section.
As Mermilliod (2000) pointed out, “all methods are essentially based on ages given
by models: evolutionary models for the upper main sequence, contraction models for pre-
main-sequence stars and models of fully convective objects for very-low-mass stars and
brown dwarfs.”. Thus, any age scale based on these techniques is, essentially, tied to the
models used by it and this fact should be clearly stated with the derived age (i.e., cluster
“W” has an age of “X” Myr by using the technique “Y” and models “Z”).
2.3.2 A formal classification
David Soderblom (see his review in Soderblom 2010 and also a revision in Soderblom
et al. 2014) has formalized this previous classification, following this scheme:
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• Fundamental: nucleocosmochronometry.
• Semi-fundamental: lithium depletion boundary ages (mid-M spectral type), kine-
matics or expansion ages.
• Model dependent: isochrone fitting for Pre- and Main-Sequence stars, asteroseis-
mology.
• Empirical: gyrochronology (rotation), stellar activity, lithium depletion (FGK spec-
tral types), photometric variability, accretion.
In the case of clusters, the role of eclipsing binaries is discussed (accurate radii and
masses, so a detailed comparison with models can be performed) as well as white dwarfs
(WD), since the cooling age is essentially the thermal evolution of a black-body.
2.3.3 The role of errors: the practical side
Here, a somewhat different classification is advocated, which is dominated by a practical
approach, mirroring in a sense the “distance ladder”. Thus, a difference between basic or
primary age indicators with those relying of the first class is established:
Primary indicators, data and models are everything needed:
• Nucleocosmochronometry.
• Upper main sequence fitting.
• White dwarf cooling.
• Isochrone fitting.
• Eclipsing binaries and related methods.
• Spectral features (gravity).
• Lithium abundance, including the LDB technique.
• Asteroseismology.
• Kinematics (I): movement of components across the Galaxy.
Secondary indicators. Since they depend on the primary indicators, they have addi-
tional uncertainties:
• Stellar activity (X-rays, Hα and other activity indicators, photometric variability).
• Gyrochronology (rotation).
• The relative ratio of Class 0 / Class I / Class II / Class III (see Lada 1987 and Adams
et al. 1987 for definitions) in a stellar association or the disk fraction.
• Spectroscopic indicators for accretion.
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• Kinematics (II, see other way above): physical association to another star or to a
moving group.
As we shall see, not all these methods are equal (regarding how reliable they are) and
we will propose several levels in order to achieve a preliminary although comprehensive
and coherent age scale system.
Some of these methods can be applied to individual stars. Other, by definition, only to
groups, so they can be considered statistical indicators. Note, in any case, the dependence
with models and distance for most of these methods. In the following sections we will
see the advantages and shortcomings of these methods (Soderblom 2010) and will try to
explicitly enunciate the dependences with other parameters. But before doing so, we have
to provide the proper set-up, an elementary description of one of our main tool: stellar
evolution and models.
2.3.4 Stellar evolution and models
It cannot be emphasized enough: except in few exceptions, our age estimates (and a
significant fraction of what we know about stars) depend on models. Figure 4, extracted
from Chaboyer (2001), clearly illustrates the cocktail we call a stellar model. We refer
the reader to the very wide literature dealing with this problem, starting with the quoted
paper but also several chapters in volumes in these series.
Regarding the stellar evolution and the underlying physics, Lebreton et al. (2014a)
discussed the equations involved in stellar structure and evolution, including general fac-
tors and specific parameters to every star. Among the first ones can be listed: the equation
of state, the opacities, microscopic diffusion (i.e., transport of material inside the stars)
and the nuclear reaction rates; whereas the individual ingredients are the chemical com-
position, the rotation, binarity and the magnetic fields (usually ignored). This cocktail
translates into several phenomena which affect the age determination: rotation and over-
shooting (i.e., macro scale mixing pushed farther than the convection layer, for a very
recent attempt to calibrate it for stars more massive than the Sun, see Deheuvels et al.
2016), convection for intermediate and low-mass stars and atmospheric effects (the col-
ors from the observational side, Stauffer et al. 2003) for the low-mass end. Moreover,
the chemical composition has a significant effect on the age estimate not only because of
the helium content or the overall metallicity [Fe/H], but anomalies in specific abundances
might play a role too, although this problem might have a reduced effect. A recent work
by Bovy (2016), dealing with the chemical homogeneity of open clusters, illustrates this
point.
Thus, as a brief summary, several relevant issues can be pointed out. First, the essen-
tial role of the stellar mass, the most basic parameter we are dealing with but unknown in
most cases. Except in few cases, we can have and idea based on the color or spectral type
(correct up to 10%, Soderblom 2010), and this estimate depends on age, the parameter we
would like to determine, in a tautological or circular argument (in a sense, a loop within
a loop). Second, chemical composition, convection and the microphysics are also very
important factors which, to a large extent, are not very well determined. One common
situation, for instance, is to assume solar metallicity when a detailed chemical analysis
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Fig. 4. Stellar models and evolution as a “perfect” cocktail. All the ingredients have both uncer-
tainties and a specific parameter space. These degrees of freedom normally lead to significantly
different physical properties and very large uncertainties when applying the models to real data.
After Chaboyer (2001).
is not available, but both the helium content (the fraction Y used in the models) or the
overall composition of more massive elements (Z) does affect the nuclear reaction rates
and therefore the stellar lifetime, just to mention a couple of effects.
There is a significant number of evolutionary tracks and interior models in the liter-
ature, some of them customized of specific problems and others computed for a more
general use. The properties we are interested in (for age-dating) are those which change
fast enough with age and, hopefully, with mass. They would be perfect if they do not
depend on any other parameter, such as metallicity, but in practice this does not happen.
What seems to be true is that models for the main sequence make a much better job than
models for the pre-main sequence. In fact, for this last case, the situation gets worse for
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Fig. 5. Luminosity as a function of age, for different evolutionary tracks from the Lyon group: blue
for NextGen and magenta for COND models (Baraffe et al. 1998; Chabrier et al. 2000). Solid and
dotted lines represent stars and substellar objects, respectively. The age ranges when deuterium and
hydrogen burning happens are easily identified as plateaus in each track.
lower masses and/or for younger ages (Hillenbrand et al. 2008).
Figure 5 displays models by the Lyon group (Baraffe et al. 1998; Chabrier et al. 2000),
a set which has been widely used to study low-mass stars and brown dwarfs. This last cat-
egory corresponds to objects whose mass is so low that the internal temperature never
reaches the threshold to burn hydrogen and to release energy, although other fusion of
light elements, such as deuterium or lithium, can happen at different moments. Thus, it
can be said that BDs remain in the pre-main sequence forever and they cool down in a
steady manner. However, bona fide stars do reach this critical point (the arrival to the
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MS) at some moment, which depends primarily on the total mass. This property (the
contraction toward the zero age main sequence) can be used to estimate the stellar age.
Once the hydrogen burning has started, the luminosity (and the temperature) is stabi-
lized and the star remains on the MS for most of its total lifetime. A good estimate is
τMS =1010×Mass(M)−2.5 (for instance, see Hansen & Kawaler 1994).
For more massive stars an option, among others, is the models by the Geneva group.
Figure 6, taken from Mermilliod (1981), displays a set of isochrones which represent
very well known clusters of very different ages, up to the Hyades (about 600 Myr). The
original caption is: “Composite HR diagram presenting the sequences deduced from 14
pairs of composite diagrams ... The age groups are designated by the name of the most
representative cluster. The darkened areas show the positions of the red giant concentra-
tions. Triangles stand for Cepheids and dots for non-Cepheid stars in the Hertzsprung
gap. The dashed lines have been adapted from models by Maeder.” Thus, the departure of
a massive member of an association from the main sequence is complementary to the pre-
vious case, the settling of the low-mass counterparts onto the MS. Although the method
is plagued with problems and caveats, one very important fact is that relative ages can be
easily estimated (Mermilliod 2000).
In any case, to conclude, different sets of models, since they do not include the same
ingredients, produce different answers, both in intrinsic properties (luminosity, tempera-
ture) or the derived age. But even if they would give exactly the same answer, a practical
problem arises: how to convert parameters computed by these models into observable
quantities.
2.3.5 From theory to observations and vice versa
One crucial step, already mentioned here and in the specialized literature, is how to com-
pare observables with values computed with the theory: i.e., the conversion from photo-
metric colors, magnitudes (or the information derived from spectroscopy) to luminosities,
chemical abundances, masses and temperatures. Essentially, what is needed are empirical
conversions, based on the Sun, very well known clusters and different types of bina-
ries with accurate parameters. And, again, models play a fundamental role and they are
far from perfect. Although extraordinary improvements have been achieved on different
fronts, there is still a long way to go. For a detailed discussion of these issues, see Le-
breton et al. (2014a,b) and Cassisi (2014) in these series. Some intrinsic problems are
discussed in Terndrup (2008), who affirmed: “I show that models which work near the
solar abundance currently fail at lower metallicity. I argue that new parallax surveys
aid model calibration only if we also have highly accurate temperatures and metallicities
over wide swaths of the H-R diagram”. Data, data and more data, and analysis from a
holistic perspective, are needed.
Another important aspect, usually forgotten, is that models normally are not vali-
dated at young ages. This fact has been illustrated in Figure 2 and has been discussed,
for instance, in Stassun (2008) for pre-main sequence low-mass stars and brown dwarfs.
Moreover, Naylor (2009) have derived age estimates significantly older than the canonical
values for several young associations.
Several works have tried to asses how accurate theoretical isochrones are. For in-
David Barrado: Clusters: age scales for stellar physics 13
stance, Hillenbrand & White (2004) have compared measured masses (148 stars) with the
values derived by using several sets of models. For the main sequence, all models seem
to reproduce the data for M > 1.2M, some sets are OK down to 0.5 M and all fail be-
low 0.5 M, producing differences between 5 and 20%. In the case of pre-main sequence
(PMS), the results are good enough for M > 1.2M, but for stars with masses in the range
1.2-0.3 M the differences are in the range 10-30%. Conversely, Hillenbrand et al. (2008)
confronted the ages of several young stellar associations and concluded that the observed
spread in HR diagrams are not due to age spread (at least this is not the most significant
factor). Similar conclusion has been reached by Preibisch (2012) or Jeffries (2012). But
in any case it plays a significant role when trying to estimate accurate ages.
But even if our theoretical models would be perfect when deriving masses, another
essential problem is present: confronting theory with observations for other properties.
When comparing theoretical data with observational properties, such as the plane effec-
tive temperatures and Luminosities (Teff , Lbol) with magnitudes and colors (mag, colors),
either bolometric corrections (BC) and/or a specific temperature scale are used. Some of
these problems could be avoided or mitigated using multi-wavelength photometry and the
complete Spectral Energy Distribution (SED, see Bayo et al. 2008). The basic problem
here is the modeling of stellar atmospheres and the reproduction of colors for all masses
and metallicities. Thus, the results are necessarily linked to these transformations. Com-
ing back to Terndrup (2008): “One problem for sure is that the color-Teff relations are
derived using large samples of local stars. An inspection of the original sources and the
spectroscopic sample in Figure 5 –in that article– shows a lack of cool, metal-poor stars in
the determination of the color-Teff relations.”. Thus, the samples we have used to define
these relations are also a hidden factor which might be affecting the final results because
of selection effects.
2.3.6 Coevality, distances and other effects: stars are individuals
When dealing with stellar groups, several assumptions are kept, even when they are not
explicitly stated: coevality is assumed for star clusters and moving groups, as well as the
same chemical composition. What lies at the background is whether the star formation
is essentially instantaneous or not. From the observational point of view, young stellar
associations show a large range of luminosities for the same effective temperature in the
Hertzsprung-Russell diagram. This fact remains for globular and open clusters (the case
of M15 and the Pleiades in Figures 8 and 13). This width in Lbol could be translated onto
a spread in age δτ. The meaning of δτ is not clear. Is it related to a true diversity in ages (a
star formation lasting several Myr), it is due to the size of the star forming region and/or
the original molecular cloud, does it come from errors and biases of unknown origin? For
an overview, see Hillenbrand et al. (2008).
One aspect we all tend to forget is that stars are individuals. First, each of them is born
with specific initial conditions and has a distinct history (which might be very different for
the first 10 Myr). They show specific characteristics such as photospheric spots and other
activity related phenomena, rotation, accretion during the early phases (including peaks
in the accretion rates), circumstellar disks, reddening, magnetic fields, metallicity, indi-
vidual distances (a cluster has a size and a shape), spatial segregation (differences in the
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properties depending on the location inside the association), the potential effect of planets
and other nearby stellar companions, and so on. On top of this, the stellar history or all
that has happened to the star before it is observed that can modify the subsequent evolu-
tion from its initial conditions (including previous interactions with other stars, specially
in compact star forming regions or SFRs for short).
Certainly, accurate ages and complete censuses (at least the removal of interlopers
based on accurate and precise proper motion), will be very helpful and here the role of the
Gaia satellite will be paramount. Its hopefully extraordinary archive will be exploited for
many years to come and we can only speculate what wonders it will contain. After all,
Nature has a “tendency” to surprise us.
3 Methods to estimate the stellar age
Before starting the discussion regarding the methods to estimate the stellar age and, in
fact, before carrying out any analysis, the first step is to verify whether the star belongs
to a binary or multiple system and, in case of binary, the type (wide physical binaries,
spectroscopic, eclipsing), since the information that can derived is very different and in
some cases could be very useful.
The simplest case is isolation. A single star can reveal its age in an approximately way
if the distance is known (the magnitude gives the luminosity and the color the mass/Teff ,
assuming a given value of the metallicity). If a high quality spectrum is available, the
surface gravity can be estimated, which is also related to age. Finally, pulsations, when
present, can provide a detailed insight of the internal structure and its age, although the
story is not so simple.
On the other hand, the light curve (LC) of the eclipsing binaries (EB) gives the stellar
radii (or ratio), spectroscopic binaries the masses (affected by the inclination of the orbit
with respect to the line of sight) and the astrometric data of wide binaries give the absolute
masses of both components.
The different versions of multiplicity (membership to star forming regions, open and
globular clusters, loose associations and moving groups) can be used to derive a common
age for the whole group. See the chapters by Estelle Moraux and Corinne Charbonnel in
this volume. However, binarity and other hierarchical systems are not normally consid-
ered and if this factor is not taken into account the final age estimated can be biased to a
considerable amount.
3.1 Isochrone fitting
3.1.1 Open clusters: turn off ages
Few years after it was recognized the nuclear burning was the energy sources of the stars
(Bethe 1939), Sandage & Schwarzschild (1952) identified how the evolution off the main
sequence and the position in the HR diagram could be used to estimate the age of giants
(and globular clusters, see below).
As stated before, Fig. 6, taken from Mermilliod (1981), provides an excellent example
of isochrone fitting for several clusters and a relative age scale for them (a sorting in
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Fig. 6. HR diagram with isochrones for nearby clusters. Figure selected Mermilliod (1981), see
text for an explanation.
evolutionary status). These fittings are carried out using the most massive members in the
clusters, either once they have become giants or when they are in the process of evolving
off the main sequence, once they have exhausted the hydrogen in the core and when the
stellar evolution is fast.
There is a significant disadvantage of this technique: the Initial Mass Function (Salpeter
16 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Fig. 7. Color-Magnitude Diagrams for several young and very young stellar associations. Figure
from Naylor et al. (2009).
1955, see also Barrado y Navascue´s et al. 2001c, Barrado y Navascue´s et al. 2005 or Bayo
et al. 2011). The statistics make more difficult to fit isochrones at the top of the mass spec-
trum because the scarcity of cluster members when compared with the bottom of the main
sequence. On the other hand, they are much brighter and allow an age determination for
much further away clusters.
Another important issue has to be taken into account: the interplay between distance,
interstellar reddening and age. All these parameters have to be derived simultaneously
and, as a matter of fact, they are intertwined (a increased in the reddening would modify
the distance and/or the age estimate and vice versa). Additional data, such as distances
from parallax or reddening from spectral types and colors, are extremely useful to avoid
these degeneracies.
In any event, the use of more sophisticated fitting techniques, such as Bayesian es-
timation, can help to dilute the effects of some of these shortcomings (see, for instance,
Jørgensen & Lindegren 2005).
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3.1.2 Open clusters: PMS ages
Pre-main sequence isochrones and tracks present additional problems based on the lack
of good anchors (Figure 2). Few spectroscopic and eclipsing binaries, specially low-
mass members, are being analysed (see below, subsection 3.1.5) and this fact will have
an extraordinary impact of the models and the improvement in the accuracy of the age
determination. In any case, the bottom of the cluster sequence has the advantage of sheer
numbers: there are tens or hundreds of objects so any fit could, in principle, be very
sound. Unfortunately Nature is never easy and several phenomena modify the observa-
tional properties of the low-mass objects and these second-order effects do have a strong
impact.
In any case, there are several methods which can be applied. Figure 7 illustrates new
proposals for several young associations (Naylor et al. 2009). The original explanation
of the figure says: “The CMDs for a selection of young groups in absolute magnitude
and intrinsic colour. In each case the lower red dotted line is the position of the MS,
the upper an appropriate Siess et al. (2000) isochrone.” Note that, as we have already
shown and will be discussed later, one of these methods “... suggests that there is a factor
two difference between these nuclear ages, and more conventional pre-main-sequence
contraction ages.”, as that article concluded.
Coming back to the issue of individuality or second order effects, such as accretion
activity, magnetic fields, and so on, early stellar evolution during the Pre-Main Sequence
phase can be modified to a significant extent. For instance, Somers & Pinsonneault (2015)
have estimated that large surface coverage by stellar spots can increase the stellar radii up
to 10%, modifying the location in the HR diagram (thus, the age estimate). Moreover,
Jeffries (2012) concluded that “the traditional HR diagram is a poor tool for estimating
the ages of young (<20Myr) PMS stars and also perhaps for estimating age-dependent
masses”. An additional reason to be cautious.
Semi-empirical isochrones, which essentially rely on data of well known associations,
can be used in order to avoid or ameliorate some of the problems discussed above. This
approach has been followed, for instance, by Bell et al. (2015), in order to provide a
sorting scale for young moving groups. These loose associations (subsection 3.4) are
very important, since they provide samples of well characterized nearby low-mass stars,
specifically for an age range between very young associations and open clusters. More-
over, they can be used, among other things, to search for planets (primarily by direct
imaging), a very active research field nowadays.
Young stellar associations offer an alternative with a lot of potential, the “H feature” or
radiative-convective gap (R-C gap, see, for instance, Piskunov & Belikov 1996 or Mayne
et al. 2007). This feature in a cluster isochrone (or, better, in the luminosity function, LF)
appears when a radiative core is developed as a star begins the hydrogen fusion (i.e, it
corresponds to the separation between to the MS and PMS in a cluster sequence). The
location of the R-C gap depends on the age (both the Teff and the Lbol in a HRD), but at
∼10 Myr and older ages it cannot be distinguished any longer.
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Fig. 8. Different phases of the stellar evolution of a solar-like star, as seen in the M15 globular
cluster. The figure comes from Krauss & Chaboyer (2003), after Durrell & Harris (1993). See
body-text for a detailed explanation.
3.1.3 Globular clusters
The Milky Way contains about 150 known globular clusters (Harris 1996). They are very
compact and contain several tens of thousand of members. In addition, they are among
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Fig. 9. Stellar luminosity at the Turn Off point, after, Vandenberg et al. (1996). See text.
the oldest objects in the universe.
Figure 8 represents the evolution of a solar-type star across the Hertzsprung-Russell
diagram. The diagram has been taken from Krauss & Chaboyer (2003). The original
caption reads: “A schematic color-magnitude diagram for a typical globular cluster ...
showing the location of the principal stellar evolutionary sequences. This diagram plots
the visible luminosity of the star (measured in magnitudes) as a function of the surface
color of the star (measured in B-V magnitude). Hydrogen-burning stars on the main se-
quence eventually exhaust the hydrogen in their cores (main sequence turnoff ). After this,
stars generate energy through hydrogen fusion in a shell surrounding an inert hydrogen
core. The surface of the star expands and cools (red giant branch). Eventually the helium
core becomes so hot and dense that the star ignites helium fusion in its core (horizontal
branch). A subclass is unstable to radial pulsations (RR Lyrae). When a typical globular
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cluster star exhausts its supply of helium, and fusion processes cease, it evolves to become
a white dwarf.”. The figure clearly shows why giants are perfect in order to determine the
association age, since they are tens or hundreds of times brighter than MS of the same
color. On the other hand, globular clusters contain at least several thousands members
and even despite the fact that the IMF goes against more massive members, in number,
there are still a significant amount of them, so a good fit can be achieved (compare this
HRD with Fig. 6).
The most significant feature is the turn off (TO) and its relation to the cluster sequence.
Almost half a century ago Sandage (1970) explicitly formulated how the age of a globular
cluster can be estimated based on the position of the main sequence turn off, the point
when the star members ceased to burn hydrogen in the central part of the nucleus (see
Charbonnel, this volume):
Log(τ/109yr) ' −0.41 + 0.37 × MTOV − 0.43 × Y − 0.13 × [Fe/H] (3.1)
As Renzini (1992) pointed out, the main source of errors comes from a ”hidden” fac-
tor, the distance. It can amount to 22% for a error in the distance modulus of 0.25 mag
(9% for 0.1 mag). Helium abundance is, in principle, well constrained and might only add
a 2% of uncertainty on the age estimate. The metallicity, however, is another matter. A
∆[Fe/H]=0.3 dex –a poor value nowadays– translate into another ∆τ=9%. Therefore, both
Gaia and its very precise distances and systematic spectroscopic surveys (large number of
samples combined with high-resolution, high signal-to-noise ratio spectra) might even-
tually change the game. Additional, more sophisticated techniques such as a Bayesian
fittings to derive ages in GCs are described in Valls-Gabaud (2014).
In addition, the overall chemical composition (different fraction X and Y of hydro-
gen and helium, but also the detailed split for Z, the heavier elements) do modify to a
very large extent the age estimate. This is clearly shown in Fig. 9 from Vandenberg
et al. (1996). The original caption reads: “Turnoff luminosity vs age relations from the
indicated investigations for the particular choice of Y=0.20 and Z=0.0001 for the mass-
fraction abundances of helium and the heavier elements, respectively. The Mbol(TO)
values were calculated on the assumption that the solar value is 4.72 mag.” Differences
can be up to 15%.
The age of a GC can be determined by additional techniques (Vandenberg et al. 1996;
Chaboyer 2001). Apart of the standard isochrone fitting, most of them essentially depend
on differences in color or magnitude.
• Isochrone fitting.
• Relative MS-fitting Method.- This is a version of first, using age-insensitive regions
(the location of the MS and RGB).
• ∆Color.- The color of the MSTO is a strong function of age, while the color of
the RGB is relatively insensitive to age. Thus, ∆Color (MSTO - RGB) is sensitive
to the age of a globular cluster (Sarajedini & Demarque 1990; Vandenberg et al.
1990).
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• ∆Magnitude.- It uses the difference in magnitude between the MSTO (or the SGB)
and the HB as an age diagnostic (e.g., Renzini 1991).
• The Horizontal Branch Morphology Method (Faulkner 1966; Lee et al. 1994; Jimenez
1998).
• The Luminosity Function Method (Jimenez et al. 1996; Jimenez 1998).
• Comparison of the Spectral Energy Distribution with theoretical synthesis models
(extragalactic method, starburst, etc. See, for instance, Wang et al. 2010a).
Note, however, that Vandenberg & Durrell (1990) have concluded that age is not the
reason of the diversity of the HB morphology for cluster of the same metallicity. For
the impact of different chemical compositions on the age dating technique, an interesting
discussion is presented in Marı´n-Franch et al. (2009).
The Luminosity Function Method proposed by Jimenez et al. (1996) –see additional
details in Jimenez (1998)– takes into account the whole cluster sequence. It is divided
into five different sectors, each of them providing a different parameter: the more massive
red giants provide a normalization factor; the distance modulus comes from the red giants
and subgiants; the more massive MS for a completeness check, the other MS provide the
IMF, and the age is derived from the subgiants coming off the MS.
An additional point that needs to be remarked is the fact that the derived ages for a
significant number of clusters are older that the very precise value establish by the ΛCDM
concordance model (13.799±0.021 Gyr estimated by Planck Collaboration et al. 2015).
Krauss & Chaboyer (2003), using Monte Carlo simulations, estimated that about one third
might be older. More recently, Wang et al. (2010b) re-estimated the age of nine very old
GC in M31 (thus, the distance is not an issue) and another located at a distance of z=1.
Six of them, including the last one, present a conflict with the cosmological age. Thus, it
seems that some problem still remains.
3.1.4 White dwarfs
White dwarfs correspond to the last phase of a solar-like or a low-mass star, after they
have exhausted all available energy sources based on fusion. All that is left is a slow
cooling process, when they release their thermal energy. Thus, they become redder and
fainter with age. This fact is very well illustrated for one of the best known old open
clusters, M67. Figure 10, taken from Richer et al. 1998), has a original caption stating:
“Left.- M67 MV, (V-I) CMD for the entire cluster is shown. Only objects passing a shape
test, indicating that they were likely to be stars are included in these diagrams except that
theoretical cooling curves for 0.7 (upper) and 1.0 M DA WDs are included. Also shown
is an isochrone for 4 Gyr for a metallicity of [Fe/H] = -0.04, which is appropriate to M67.
Right.- Re-plot of the 0.7 M cooling curve, indicating along it cooling times to various
magnitudes.”
There are several draw backs for this technique: the mass of the progenitor is not
very well constrained, the properties depend on H and He composition, the WD cooling
track does not provide information regarding the time elapsed in the previous phases (as
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Fig. 10. Color-Magnitude diagram for the ∼4 Gyr cluster M67, including the WD cooling sequence
(figure from Richer et al. 1998).
a giant and a MS star), WD are very faint and, in order to apply the method to an associa-
tion, numbers are needed (a significant population, since, again, the IMF is “conspiring”
against us). In addition, confusion by interlopers can be a real headache (bona fide mem-
bership always is). In any case, by definition, ages from WD cannot be absolute and are
model dependent.
Different sets of models, to name a few, can be found in Bergeron et al. (1995), Hansen
(1999) or Salaris et al. (2000). For a use of WD to date a multiple system, and interesting
exercise has been carried out recently by Hue´lamo et al. (2009), as it will described in the
next subsection (3.1.5). In addition, the WD mass function has been used to estimate de
ages of the galactic population (Kepler et al. 2007).
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Fig. 11. Figure taken from David et al. (2015). The new eclipsing binary HII2407, a bona fide mem-
ber of the Pleiades cluster. The different panels display comparisons with several sets of isochrones.
3.1.5 Sizes: eclipsing binaries
Coevality is a key property when deriving ages. In binaries (or multiple systems), some
components are easier to handle than others because their mass or evolutionary stage, so
if both were born at the same time the age estimate derived for one can be transferred to
the other/s. In addition, coevality is essential to calibrate theoretical isochrones, not only
by using stellar associations, but also in binaries. Eclipsing binaries play an essential role.
There has been a very large amount of effort invested in the search and characterization
of eclipsing binaries in different evolutionary stages (Popper 1980; Strassmeier et al. 1993
Barrado et al. 1994; Malkov et al. 2006). Recently a significant number of both low-mass
and PMS EB have been incorporated into this essential database (Shkolnik et al. 2008;
Stassun et al. 2014; David et al. 2016).
One very recent result comes from David et al. (2015), as shown in Fig. 11. The data
come from the Kepler K2 mission (Howell et al. 2014). The EB belongs to the Pleiades
cluster (130 Myr). As can be seen, even in this optimal situation the EB does not provide a
strong constraint for the age. Another comparison can be found in Hue´lamo et al. (2009),
in this case with a triplet which includes a EB and a visual WD. Despite the fact the
spectroscopic properties of the WD can be established with a certain degree of precision,
the overall properties of the system remain elusive.
In general, it can be concluded that masses and radii do not fit in the isochrones, even
for objects with the same age and metallicity, such as eclipsing binaries in open clusters,
the optimal case. So, this situation shows our real limits to our ability to estimate the
stellar ages (and other properties).
3.1.6 Sizes: interferometry
Figure 12, taken from Jones et al. (2015), shows the results of an interferometry survey in
seven members of a coeval moving group, Ursa Majoris (UMaG, Roman 1949). A review
regarding this technique can be found in Cunha et al. (2007). The canonical age estimate
for this comoving stream is ∼300 Myr (Soderblom & Mayor 1993 and references therein).
A more recent estimate, by adding a significant number of new candidate members evolv-
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Fig. 12. Panel c from figure 10 in Jones et al. (2015).
ing off the MS or in the giant branch produces 500±100 Myr, significantly older (King
et al. 2003). The original caption of this figure reads: “Distribution of stellar masses
versus age for 7 stars in the Ursa Major moving group as determined using the vZ gravity
darkening law (10a), ELR law (10b), and both (10c) with the model described in Section
4.1. –their section in the original article– The circles are slowly rotating stars (Ve < 170
km s−1) and the diamonds are rapidly rotating (Ve > 170 km s−1). The black points are
nucleus members and the white points are stream members. The red point shows the mass
and age of the nucleus member, Merak, that was previously observed by Boyajian et al.
(2012) and is discussed here in Section 4.3. –again, their section– In some cases, the size
of the statistical error bar is smaller than the size of the symbol. The dark vertical lines
represent the median in the ages, the shaded regions represent the gaper scale (the stan-
dard deviation equivalent discussed in Section 5.4). The dotted lines in 10c connect the
age and mass estimates from the two different laws.” This works concludes that the MG
age is 414±28 Myr. It makes use of an evolutionary code (MESA, Paxton et al. 2011),
but also rejects some outliers. Note, however, that this error is significantly smaller than
the grey area in the figure. We refer the readers to the paper for additional information
regarding the details.
In any case, the technique has severe limitations, since essentially only can be applied
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to stars large enough or nearby enough (or both) to be able to derive a measurement (a
radius) with a reduced error-bar and, in any case, other stellar parameters, such as the
mass, should be derived with other techniques.
3.2 Lithium, a “perfect” element as a stellar tracker
3.2.1 Lithium evolution in F, G and K stars
The lithium abundance found in meteorites of the Solar System is in the range A(Li)=3.1-
3.2. This is, in fact, the assumed initial abundance for population I stars (for cosmological
abundance and population II, see C. Charbonnel in this volume). However, lithium is a
fragile element and can be destroyed easily, as happens inside the stars.
Standard models predict that the depletion happens during the pre-main sequence evo-
lution. However, the observations show that it continues beyond the arrival to the ZAMS,
so additional, non-standard mixing has to take place. As a matter of fact, this behaviour
and dependence are clearly seen in open clusters of different ages for stars cooler than
about 6300 K (Boesgaard 1991). Moreover, for clusters older than the Pleiades there is
a narrow effective temperature range (6400-6900 K) which shows a large depletion of
lithium abundance due to non-standard mixing, the so called lithium gap, dip or chasm
(Boesgaard & Tripicco 1986a; Michaud & Charbonneau 1991; Balachandran 1995). In
any case, the complexity of the evolution has been established by multiple studies fo-
cusing on clusters of different ages. Seminal papers, to name a few, are Pilachowski
et al. (1984), Pilachowski (1986), Pilachowski et al. (1987), Pilachowski et al. (1988), for
NGC7789, the Pleiades, NGC752, and M67; Boesgaard & Tripicco (1986b), Boesgaard
(1987b), Boesgaard (1987a), Boesgaard et al. (1988), Boesgaard & Budge (1988), Boes-
gaard & Budge (1989), Barrado y Navascues & Stauffer (1996) for the Hyades, Coma,
the Pleiades and Alpha Per, and Praesepe; Soderblom et al. (1993a), Soderblom et al.
(1993b), Soderblom et al. (1993c) for Praesepe, the Pleiades and Ursa Majoris moving
group.
More recently, additional observations for clusters, generally younger, have been
added. Again, just to provide some references: NGC2516 and M35, almost Pleiades
twins (Jeffries et al. 1998; Barrado y Navascue´s et al. 2001a), IC2602 and IC2391 (Bar-
rado y Navascue´s et al. 1999a; Randich 2001; Randich et al. 2001; Barrado y Navascue´s
et al. 2004b), NGC2547 (Jeffries et al. 2003), IC4665 (Jeffries et al. 2009), and Collinder
69 (Dolan & Mathieu 1999, Bayo et al. 2012). In the very near future, the large scale
spectroscopic survey Gaia-ESO (Gilmore et al. 2012; Randich et al. 2013) will provide
an extended database. A recent example is the Vela OB2 association (Sacco et al. 2015).
In the case of the Pleiades, a quite complete database is at hand, both in number of
measurement of lithium in members and in ancillary data such as accurate photometry
(from the DANCE project, Bouy et al. 2013), rotational periods (Hartman et al. 2010;
Rebull et al. 2016b,a; Stauffer et al. 2016) or activity (see detail in Barrado et al. 2016,
submitted). Figure 13 corresponds to an HR diagram where lithium information has been
appended. The diagram clearly shows the “lithium abyss” between late-K and mid-M,
significantly wider than the gap present in older stars at mid-F spectral type, already
described above.
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Fig. 13. Herzprung-Russell diagrams displaying Pleiades data. The isochrones correspond to Siess
et al. (2000) –1, 3, 5, 7, 10, 15, 20, 30, 50, 125, Myr and 5 Gyr– and BT-Settl by the Lyon group
(Allard et al. 2012) –1, 20, 120 Myr and 10 Gyr–. The 120/125 Myr isochrones are high-lighted.
We have distinguished four cases: green solid circles for lithium detection and membership proba-
bility larger than 0.75; blue open circles for lithium upper limits and membership probability larger
than 0.75; magenta solid circles for lithium detection and membership probability less than 0.75;
red open circles for lithium upper limits and membership probability less than 0.75. Membership
probabilities come from Bouy et al. (2013). Details in Barrado et al. (2016).
As a matter of fact, the equivalent width of this feature –W(Li)– depends on the age,
since late K and early M deplete lithium very fast. This is illustrated in Fig. 14, where the
lithium abundance and the effective temperature are displayed for three clusters (IC2391,
Alpha Per and the Pleiades) with ages between 50 Myr and 125 Myr in the new LDB
scale.
The role of the rotation in the W(Li) spread observed for stars cooler than the Sun
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Fig. 14. Lithium abundance versus the effective temperature for three well known clusters: the
Pleiades, Alpha Per and IC 2391 (see Barrado y Navascue´s et al. 2004b and Barrado y Navascue´s
et al. 2011). The figure also shows the “lithium abyss” for late-F and early-M and depletion bound-
ary (see body-text). Note the two mid-M dwarfs with lithium (HCG332 and HCG509, Oppenheimer
et al. 1997).
was well established by Soderblom et al. (1993b). Using all the available data, Figure
15 displays the lithium equivalent width versus the luminosity for probable single stars
belonging to the Pleiades, where rotation has been taken into account. Thus, although the
lithium content is a characteristic that depends primarily on mass and age, other factors
modify its evolution and create a quite complicated picture.
In fact, several works have been published lately trying to understand the lithium con-
tent in solar-type stars from different perspectives. Bouvier (2008) (see also Eggenberger
et al. 2012) investigates the effect of the disk life-time on the rotation and lithium: slow
rotation would be the consequence of long-lasting star-disk interaction during the PMS
and would produce a significant decoupling between the core and the convective enve-
lope, with the final consequence of extra-mixing and higher lithium depletion. On the
other hand, Somers & Pinsonneault (2014) argue that the strong magnetic field in fast
rotators during the early PMS enlarges the radii and diminishes the temperature of the
bottom of the convective envelope, provoking over-abundances. The effective tempera-
ture would also be affected, due to the larger spot coverage (with cooler temperatures).
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Fig. 15. Lithium equivalent with versus the bolometric luminosity for the high probable members
(probability larger than 0.75). For those stars with multiple values of W(Li), only one value have
been selected. Only single stars are displayed. Lithium-rich stars are also indicates with large, open
diamonds. Details in Barrado et al. (2016).
These investigations assume that the lithium spread for a given mass corresponds to real
abundance differences. However, on the other side, Soderblom et al. (1993b), Stuik et al.
(1997), Jeffries (1999), King et al. (2000), Barrado y Navascue´s et al. (2001b), King &
Schuler (2004), King et al. (2010), all in the case of the Pleiades but with very different
approaches, have tried to verify whether the real cause is related to the presence of surface
inhomogeneities and their effect on the observed lithium equivalent width. Some of these
works conclude that at least partially the spread is due to atmospheric effects, others argue
that most come from real differences in the depletion rate during the PMS evolution. The
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Fig. 16. Spectra of three mid-M Pleiades members, from Stauffer et al. (1998). The presence of
LiI 6707.8 Å feature is easily discerned for the coolest objects.
debate is still open.
3.2.2 M dwarfs: the Lithium Depletion Boundary
As has been shown in Figure 14, the gap for late-K and mid-M widens with age. However,
there is a limit for the cooler side, since lithium needs a temperature of about 2.5×106 K
to be destroyed in the stellar nucleus (D’Antona et al. 1998). In fact, for solar metallicity,
0.06 M represents a hard limit and any brown dwarf less massive than this value do keep
the initial lithium content. This limit is reached, depending on the model, at about 450
Myr. In addition, during the first ∼10 Myr a low-mass star is not hot inside and cannot
destroy this element. However, for the following 10 Myr the models predict very different
depletion rate, so it is safer to avoid them when deriving ages younger than 20 Myr.
Thus, there is an age range (∼20-450 Myr) where a coeval population of mid- and
late-M dwarfs would show a bimodal distribution of lithium: either they have or they do
not, but since the destruction is very efficient the borderline is sharp (magenta, dashed line
in Fig. 14).
This technique was first proposed by Rebolo et al. (1992) and Magazzu et al. (1993)
(see also Pozio 1991), and successfully applied to the Pleiades (Stauffer et al. 1998, see
also (Basri et al. 1996), Alpha Persei (Stauffer et al. 1999; Basri & Martı´n 1999) and
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Fig. 17. Color-Magnitude diagram for low-mass members of the Alpha Per cluster, after Stauffer
et al. (1999). Note the very narrow gap between members with and without lithium, since in this
particular case the sampling is excellent.
IC2391 (Barrado y Navascue´s et al. 1999a, see also for an update Barrado y Navascue´s
et al. (2004b). In the case of the Pleiades, it yields an age of 125±8 Myr or 130±20
Myr. With preliminary results for these three clusters Barrado y Navascue´s et al. (1998a)
proposed a new age scale based on the LDB. The LDB ages are important for several rea-
sons: as stated before, the underlying physics is simpler than in other techniques (the de-
pendence with the “ingredients” in the complex stellar model cocktail –subsection 2.3.4–
is reduced) and can be used to validate some assumptions (for instance, the amount of
overshooting, Stauffer et al. 1998). In fact, the LDB age scale has been proposed as a
semi-fundamental scale and as a reference or calibrator for other scales (Soderblom et al.
2014).
Figure 16, extracted from Stauffer et al. (1998), clearly shows the dramatic change in
equivalent width of the LiI 6707.8 Å doublet (seen as a single line because of the spectral
resolution). The caption explains: “Sample spectra of Pleiades brown dwarf candidates
obtained with the Keck II LRIS. The displayed wavelength region is only a small portion
of the full spectrum, selected in order to highlight the lithium 6708 Å region. The y-axis
is correct for CFHT PL 10, while the spectra of the other two stars are offset relative
to CFHT PL 10 to avoid having the spectra overlap. The dashed line is a spectrum of
GL 65AB, a field M6–M6.5 binary, assumed to have entirely depleted its initial lithium.”
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Fig. 18. From Barrado y Navascue´s et al. (2011). Location of the LDB boundary and its relation
with the cluster age. We have represented the absolute I magnitude for the LDB –dashed lines– and
the associated errors –dotted lines. The wide line corresponds to the complete lithium depletion
from theoretical BT-settl models from Allard et al. (2012).
Thus, all that is needed is a collection of spectra for ∼M5-M8 members of each associa-
tion.
Already in 1999, Barrado y Navascue´s et al. (1999a) concluded: (1) some convective-
core overshoot is needed in evolutionary models for high-mass stars and that (2) the
amount of convective-core overshoot is not a strong function of mass (at least in the mass
range sampled at the turnoff of these three clusters). A revised age scale for open clusters
... would have important implications for a variety of stellar evolution topics. Regarding
the first point, see also Stauffer et al. (1998). Since then, a handful of open clusters and
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Fig. 19. Bolometric luminosity versus age. The thick line corresponds to 1% depletion from Baraffe
et al. (1998). Red lines represent the last high probable Pleiades member, whereas the green line
comes from the first member with lithium. Errors are included as dotted and dashed lines. The
effect of the distance is also displayed in the panels.
young moving groups have been targeted (in some cases reobserved and/or reanalyzed),
and their LDB age derived. Among them: Beta Pic MG (<20 Myr, 21±4 Myr, 26±3 Myr),
NGC1960 (22±4 Myr), IC4665 (27.7+4.2−3.5±1.1±2 Myr), NGC2547 (35±4 Myr), IC2602
(46+6−5 Myr), the Pleiades (112±5 Myr), and Blanco 1 (132±24 Myr). The moving groups
TWA, Octans, Eta Cha MG and AB Dor MG have also been investigated but no so far
the LDB has not been reached. Note the differences in errors and values for some cases.
Additional information can be found in the following papers: Song et al. (2002), Oliveira
et al. (2003), Jeffries et al. (2003); Jeffries & Oliveira (2005), Manzi et al. (2008), Mentuch
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Fig. 20. After Barrado y Navascue´s et al. (2011). Relation between the distance and the age for
the Lithium Depletion Boundary. We have included the clusters listed in Dias et al. (2002) as small
grey crosses, whereas the seven clusters with derived lithium ages appear as big symbols. The lines
correspond to the apparent magnitudes when lithium is 99% depleted, from models from Baraffe
et al. (1998). Magnitudes in the R band, where the LiI6707.8Å doublet is located.
et al. (2008), Dobbie et al. (2010), Cargile et al. (2010), Jeffries et al. (2013), Binks &
Jeffries (2014), Juarez et al. (2014), Malo et al. (2014), Dahm (2015), and Murphy &
Lawson (2015). Recent overviews have been presented in Barrado y Navascue´s et al.
(2011), Soderblom et al. (2014) and Jeffries (2014). From the theoretical point of view,
the LDB technique and its limitations are dealt in Burke et al. (2004) and Tognelli et al.
(2015).
The following three figures illustrate the process. Figure 17 contains a CMD for the
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Fig. 21. These two panels correspond to figures obtained from Mamajek & Bell (2014). Left panel
shows the dispersion in distance for different members of the Beta Pic MG as a function of time,
whereas the right panel displays the current positions and the computed values 12 Myr ago in the
(X,Y) space.
Fig. 22. The solid circles are computed values using gyrochronology, whereas the horizontal blue
line is the adopted age for each cluster. Figure from Kova´cs (2015).
Alpha Per cluster, modified after Stauffer et al. (1999). Green solid circles are used for
clusters members with lithium (for this range and age, very-low mass stars close to the
substellar boundary), whereas blue empty circles represent members without lithium on
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Fig. 23. Rotation period versus color for three old wide binary systems. Gyrochronology provides
ages for both components of both systems in agreement with each other. Figure extracted from
Barnes (2007).
their surface. The separation is very clear, specially when the color is taken into account.
However, colors (therefore effective temperature) have other problems and it is better to
derive the age using the location of the LDB with the magnitude or, better, bolometric
luminosity (Burke et al. 2004; Jeffries 2006). In fact, contrary to the appearance, the
location of the LDB using the magnitude/Lbol does not add a large error, as is shown in
Figure 18, where absolute magnitudes are confronted with age for the LDB. Errors are
shown with grey dotted lines and they translate into small errors in age (a good precision
due to small internal errors, but always referred to a specific theoretical model). Finally,
Figure 19 shows the effect of the assumed distance, always a key parameter. In the case
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Fig. 24. Age versus mass and the effect of the helium abundance (left) and the mixing length
(right). Figures from Maxted et al. (2015b).
of the Pleiades, there are significant differences between the Hipparcos distance and those
derived from isochrone fitting or interferometry (subsection 4.3). The ∼13 pc of difference
could move the final age estimate by almost 20 Myr. Of course, Gaia will settle this
issue for the Pleiades and for a huge amount of stellar associations, and will provide
complete stellar census and very precise and accurate distances, removing this source
of uncertainty. Unfortunately, Gaia will not reach deep enough to provide parallaxes for
the faintest cluster members except for very nearby associations. Note that the theoretical
errors are in the range 3%-8% for 20-200 Myr, respectively (Burke et al. 2004). Therefore,
there is still room for improvement from the observational point of view, specially for the
younger side.
From the practical point of view, the lithium feature at 6707.8 Å is very faint (equiv-
alent width W(Li) close to 1 Å or smaller, so good medium resolution spectra (R∼2500)
are needed. Bayo et al. (2011) have shown that even with good SNR spectra at R=1250
the lithium feature can be identified. In any case, 10m class telescopes are required, since
the LDB are found at magnitudes fainter (or much fainter) than R=18 mag. Figure 20
shows the interplay between age, distance and magnitude of the LDB for some clusters
already investigated and a comprehensive sample of galactic clusters from Dias et al.
(2002) (small grey crosses). Since measured values range from ∼20 Myr up to ∼130 Myr,
there is still a significant age range where this method can be applied, specially for the
older end. Eventually, 30m class telescopes will be needed to enlarge the sample where
this technique can be realistically applied, but spectrographs with a multiobject capability
have enough room to enlarge our current database.
3.3 Asteroseismology
Stars are essentially unstable during their life-time, they are in a perpetual albeit nor-
mally slow evolution. However, they undergo phases with rapid change and/or experi-
ence pulsating episodes. Figure 1 in Lebreton et al. (2014b), in these series, illustrates
a Hertzprung-Russell diagram with different types of pulsation (a review on asteroseis-
mology can be found in Cunha et al. 2007). As a matter of fact, helioseismology has
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Fig. 25. Taken from Barrado y Navascue´s et al. (1999b). X-ray luminosities for Pleiades (open
symbols) and Hyades (solid symbols) members (125 versus ∼600 Myr) and a subsample of BPMG
candidates. Upper limits are represented as triangles.
been a terrific tool to understand the internal structure of the Sun. The technique has
been extended to other stars thanks to the arrival of very accurate photometry produced
by spaceborne instruments: CoRoT, MOST and Kepler. Eventually CHEOPS, TESS and
PLATO will add new information.
Lebreton et al. (2014b) discussed in depth asteroseismology and its application to the
age-dating. We would like to emphasize few issues here, related to exoplanetary studies
(see also subsection 3.6.1). The properties of the planetary systems uncovered so far (an
ever increasing amount thanks to the Kepler satellite and the ground-based surveys based
on photometric and spectroscopic searches) depend strongly on the properties of the host,
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Fig. 26. A suggested age ladder or stairway. At the bottom the true age anchors: the Solar System
and the universe ages. The second level in accuracy should correspond to the LDB and, once
several observations issues are resolved, the nucleochronology for Population II and the deuterium
depletion boundary (DDB), if this last phenomenon is, indeed, observable. Thus, different levels
depend on the previous ones. We have also marked several relevant associations.
the star. And, of course, age is paramount together with the stellar mass. A typical
example is the multiple system of HR8799, first discovered by Marois et al. (2008). The
ages used in Marois et al. (2010) are either 30+20−10 Myr or 60
+100
−30 Myr, which in both
cases produce masses of the companions well inside the planetary domain. On the other
hand, Moya et al. (2010a) (see their Table 1 with estimates in the literature and also
Moya et al. 2010b) conclude that the age is closer to 1 Gyr, which would mean that the
companions are much more massive and in fact they would be brown dwarfs. However,
some ambiguity remains since some models are still compatible with young ages. The
bottom line, in any case, if the lack of a one-to-one relation, of a unique solution even
with large errors.
Another example is provided by the giant star KIC8219268 (the Kepler Object of In-
terest KOI2133, aka Kepler 91). Lillo-Box et al. (2014b) confirmed the planetary nature
of the eclipsing companion by REB modulation of the Light Curve (Reflection, Ellip-
soidal and Beaming). They also used the solar-like oscillations to determine the stellar
properties via asteroseismology and derive accurate planetary parameters. Accurate ra-
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dial velocity data were used later on to re-confirm the planetary nature in an independent
manner (Lillo-Box et al. 2014a). Note, however, the very rich wealth of data available
in this case (exquisite photometry from Kepler which includes transits, REBs and astero-
seismology; high-spectral resolution spectroscopy, high spatial imaging), which is not the
normal case.
3.4 Kinematics: the role of the Moving Groups
It has been already shown how isochrones can be fitted to the data of stellar associations,
including those with a low number of bona fide members, the so called moving groups
(see, for instance, the list by Shkolnik et al. 2012). In principle, to be truly coeval, mem-
bers of a moving group should be chemically homogeneous and should have been born
nearby to each other. The case of UMaG has been already discussed (in subsection 3.1.6).
Other very well known MG is the TW Hya Association (TWA), first defined by Kastner
et al. (1997) (10+10−7 Myr, Barrado y Navascue´s 2006). Another very interesting MG is
associated to β Pic, a bright star which contains not only a very complex and beautiful
circumstellar disk discovered with the IRAS satellite (Aumann et al. 1984, Backman &
Paresce 1993), but also a planetary companion (Lagrange et al. 2009).
The Beta Pic moving group (BPMG) is about a 20±10 Myr (Barrado y Navascue´s
et al. 1999b; Barrado y Navascu´es 2001). It contains several tens of members (Song et al.
2003). Other age estimates are 12+84 Myr, based on isochrone fitting (Zuckerman et al.
2001, see their figure 1), 21±4 Myr by using the Lithium Depletion Technique (Binks &
Jeffries 2014), as we have already seen, or 23±3 Myr (Mamajek & Bell 2014, where their
table 1 summarizes other age estimates since 1999).
As a matter of fact, Mamajek & Bell (2014) also computed the trajectories of mem-
bers and computed backwards their position into the past. This age estimate is called
the “traceback age”. A similar method is the “expansion age”, first computed by Blaauw
(1952b,a). A detailed description of kinematics ages in moving groups can be found in
section 3.2 of Soderblom et al. (2014). A example is presented in Figure 21, where both
panels have been taken from Mamajek & Bell (2014). For panel at the left the original
quotation says: “1σ dispersions in X; Y; Z coordinates (σX, σY , σZ) as a function of time
in the past, assuming linear trajectories. The quadrature sums of the X- and Y - disper-
sions (σXY ) and X-, Y - and Z- dispersions (σtotal) are also plotted. Linear trajectories in Z
are obviously the poorest approximation (contrast with dispersion measured for epicyclic
orbit in Fig. 4). The σXY dispersion may be the most useful overall metric of the group’s
size using the linear trajectory technique.” On the other hand, the one corresponding to
the panel on the right is: ”Distribution of BPMG members in the XY plane now (filled
triangles) and 12 Myr ago (open circles) using epicycle orbit approximation. The disper-
sion in the X and Y directions are plotted now and 12 Myr ago. The trajectory for the
star β Pic itself is plotted as a solid arc, and labelled with a ’β’. The reference frame
has its origin at the Sun’s current position, but is co-moving with the LSR of Scho¨nrich
et al. (2010).” They conclude that none of the adopted kinematic assumption can produce
an age in agreement with small errors, value which also should be compatible with other
constraints. However, this is not the first time a kinematic age has been determined for
BPMG (see Ortega et al. 2002, 2004; Song et al. 2003; Makarov 2007). Despite this com-
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putation the general conclusion of Soderblom et al. (2014), specifically for BPMG and
TWA, is that not reliable kinematic age estimate has been derived.
Another interesting case is the Castor moving group. It was presented in Barrado y
Navascues (1998) with an age estimate of 200±100 Myr, and since then it has been listed
in several works, specially some connected to kinematics and age in the solar neighbor-
hood (additional analyses and possible members in Montes et al. 2001, Caballero 2010,
and Shkolnik et al. 2012). However, Mamajek et al. (2013), by using new data, have
questioned the reality of this MG (i.e. rejecting the possibility of having a collection of
coeval stars born at the same place). They conclude: ”Despite these stars (the Fomalhaut
system, Vega, LP 944-20, and the Castor system) being young and having somewhat sim-
ilar velocities, their velocities are well-constrained enough and different enough that it is
clear that they were not in the vicinity of one another even in the recent past, let alone
a couple of Galactic orbits ago. We conclude that the CMG is comprised of stars from
different birth sites rather than a coeval system, and hence membership to the CMG does
not provide useful age constraints for the Fomalhaut system (or Vega, LP 944-20, Castor,
or other CMG members).” Certainly, science is about a healthy skepticism and reanalysis,
getting better and better data in order to improve our interpretation of reality. The Cas-
tor MG could be, indeed, several distinct groups or lack any real connection among the
proposed members (but a counterexample seems to the UMaG). In any case, the problem
remains: how a handful of young stars have been born and where? How many at the
same time? A similar case is presented by ”isolated” Classical TTauri stars (de la Reza
et al. 1989) and young M dwarfs in the solar neighborhood or as interlopers in clusters
(Oppenheimer et al. 1997; Barrado y Navascue´s et al. 2004b; Shkolnik et al. 2011; Ro-
driguez et al. 2013). As in the cases of other proposed MGs, the data, specially the values
provided by Gaia, will judge soon enough.
Indeed, the Gaia potential here is immense. The analysis of the Gaia data products will
allow the discovery of a significant number of moving groups and the analysis in depth
of those already known. The very precise and accurate positions, distances and proper
motions will produce exquisite motions across the Galaxy and the possibility of tracking
back their trajectories to the formation location and, thus, the moment when it happened.
Note, however, that radial velocity matching the proper motions will still be needed. Sur-
veys like Gaia-ESO (Gilmore et al. 2012; Randich et al. 2013) represent valuable steps,
although survey instruments will be, eventually, mandatory (such as LAMOST, Cui et al.
2012, or WHT/WEAVE, Dalton et al. 2012).
3.5 Gravity indicators
There are several spectral features which are very sensitive to the surface effective gravity.
Figure 7 of Hue´lamo et al. (2009) shows a fit to the WD component of the triple system
discussed in subsection 3.1.4 and 3.1.5. The helium lines have been used to derive a
temperature and a gravity and from these values an age. On the other hand, cooler spectral
types display other gravity-sensitive features. Prisinzano et al. (2012) have applied the Ca
I triplet or 6102, 6122 and 6162 Å , very strong in giant stars, to PMS stars. In the case of
M and ultracool dwarfs (L, T and Y spectral types, Kirkpatrick et al. 1999, Burgasser et al.
1999 and Cushing et al. 2011), they exhibit alkaline lines (the doublets at NaI 5889.95 and
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5895.92 Å, KI 7664.91 and 7698.98 Å, NaI 8183.26 and 8194.8 Å, for instance) which
can dominate the optical spectrum.
Stro¨mgren photometry, a medium-width narrow-band photometric system, can also
be used to estimate gravities, specially for stars hotter than the Sun (Alexander 1986;
Napiwotzki et al. 1993). A practical application, for the case of Vega-like stars with A
spectral type, can be found in Song et al. (2001).
3.6 Secondary age scales
When discussing the different classification of the age-dating techniques, we defined the
secondary indicators in subsection 2.3.3. They depend on previous age estimates and
therefore are subject to larger absolute errors. Note, however, that in principle relative
errors could be smaller and the relative sorting in age (in some cases free of the “curse of
the models”) could be as good as in the case of the primary indicators.
3.6.1 Gyrochronology
Arguably, the gyrochronology or evolution of rotation is the best age indicator for a sin-
gle, solar-type and cooler star, if the mass of a star is known (mostly from the spectral
type). Main sequence stars lose angular momentum due to stellar winds. In fact, Kraft
(1967) showed that F and G stars have a correlation between activity and rotation and
that this correlation depends on the age. Few years later, Skumanich (1972) pointed out
that activity, rotation and lithium abundance decay with age for solar-like stars older than
the Pleiades, following a linear trend in logarithmic scale for rotation and activity. These
behaviours have since then being seen in less massive stars.
Indeed, the distribution of rotational velocities (the projected vsini or the rotational
period when available) in clusters of different ages do display a clear trend. Figure 22
belongs to Kova´cs (2015). It can be appreciated that the age tendency is present. However.
quasi-coeval clusters, such as Blanco 1, M35 and M45 (The Pleiades) on one hand, or
M44 (Praesepe) and the Hyades, on the other, differ in their distributions. In any case,
even for clusters as old as the Hyades (about 600 Myr), there is a significant scatter for
the same color. It is true, however, that components of wide, physically associated binaries
give the same age using gyrochronology (Figure 22, extracted from Barnes 2007). The
original captions reads: “Color-period diagram for three wide binary systems, ξ Boo A/B,
61 Cyg A/B, and α Cen A/B. Rotational isochrones are drawn for ages of 226 Myr, 2.0
Gyr, and 4.4 Gyr, respectively, and the errors are indicated with dashed lines. Note that
for all three wide binary systems, both components give substantially the same age. The
dotted line corresponds to the age of the universe.” As remarked by Soderblom (2010),
500 Myr seems to be dividing line for this method and perhaps it is safer to apply it to
older (or even significantly older) stars.
The K2 phase of the Kepler satellite is already observing several cornerstone clusters
of very different ages, from very young to similar to the Sun (Upper Sco, Pleiades, M35,
Hyades, Praesepe, M67). This amazing database will be crucial to test the validity of the
gyrochronology and to define the limits in mass and age where it can be applied.
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We have already mentioned how to derive ages for the stellar host of a planetary sys-
tem and, hence, help to estimate the properties of the planets within it. Maxted et al.
(2015a) have used a Bayesian approach in order to derive ages based on fits with theoreti-
cal models (3.1). They have also derived ages based on gyrochronology (subsection 3.6.1
and Maxted et al. 2015b).
Figure 24 comes from Maxted et al. (2015b), with a caption stating: “Change in
the best-fitting masses and ages of transiting exoplanet host stars due to a change in the
assumed helium abundance or mixing length parameter. Dots show the best-fitting mass
and age for the default values of Y and αMLT and lines show the change in mass and age
due to an increase in helium abundance ∆Y = +0.02 (left panel) or a change in mixing
length parameter ∆αMLT = +0.2 (right panel). Horizontal lines indicate the age of the
Galactic disc (dashed), the age of the Universe (dotted) and the largest age in our grid
of stellar models (solid). The curved dotted line shows the terminal age main sequence
(TAMS) for stars with solar composition.”. From these panels it is clear the role that both
the chemical composition and the physics inside the models are playing. Maxted et al.
(2015b) concluded that the gyro-ages are significantly younger than isochrone ages for
half of their sample. Second order effect might be at play (magnetism, tidal interactions
or other), but until we completely understand all sides of stellar evolution, ages would,
somehow, remain elusive.
3.6.2 Stellar activity: from the corona to the photosphere
As explained in the previous subsection (§3.6.1), stellar activity is linked to rotation and
decays with age. However, if the situation with rotation is not as clear as one might
expect, activity is even more complex. To begin with, the activity level of the Sun is
not constant during a solar cycle, about 22 years if we take into account the magnetic
polarity (either in X-rays from the corona, Hα emission coming from the chromosphere
or spottiness and plages in the photosphere). Moreover, since the discovery of the sunspot
at the beginning of the XVII century (by Thomas Harriot, Johannes and David Fabricius,
Galileo Galilei and Christoph Scheiner, although there are historical previous sightings),
its has been shown that there are long term variations with a minimum activity between
1645 and 1715 (Maunder minimum, see the long term Mt. Wilson monitoring, with an
update in Schro¨der et al. 2013). This phenomena seem to be present in other solar-like
stars. In any case, even for coeval stars the situation might be more complex than for the
Sun.
Figure 25 shows the coronal activity, using X-rays as a proxy, for two open clusters
(the Pleiades and the Hyades) and few members of the BPMG (the diagram comes from
Barrado y Navascue´s et al. 1998b and the BPMG where analyzed in Barrado y Navascue´s
et al. 1999b). The first feature that strikes the eye is certain dependence with age (Pleiades
members, younger, are more active on average than their Hyades counterparts). However,
the spread for a given color (a stellar mass) is so large that the loci of both clusters are
intermingled.
Down in the stellar photosphere the situation is analogous. Barrado y Navascue´s &
Martı´n (2003) compared the chromospheric emission (using Hα) for late-type stars be-
longing to young associations (due to accretion) and open clusters (activity). The presence
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of flares complicates even more the situation. Clearly, we are dealing with a qualitative
indicator (an accretor, a possible young or old star), not a quantitative one. The same can
be said for spottiness or other activity indicators (Mg II h and k at 2797 and 2803 Å in
the UV; CaII H and K at 3968.49 and 3933.82; Hβ at 4861.3 Å; Mg I triplet at 5167,
5172, and 5183 Å; He I D1 at 5895.92, D2 at 5889.95, and D3 at 5876 Å; CaII IRT at
8498, 8542, and 8662 Å; HeI 10830 Å. See Montes et al. 1997; Montes & Martin 1998;
Lo´pez-Santiago et al. 2010). The most widely used and better calibrated is the R′HK index,
after the removal of the photospheric contribution (see Noyes et al. 1984 for details). In
any case, even with the careful calibration and acquisitions of data along several decades,
its quality as an age indicator is, at best, only good from a qualitatively perspective, as the
analysis by Mamajek & Hillenbrand (2008) indicates.
Thus, the situation is the same for these additional activity indicators. Therefore, as
in many other age-dependent features, activity is a useful technique from the statistical
point of view, valid in conjunction with other methods and/or when analysing a cohort of
members belonging to an association. When dealing with individual objects, it should be
handled with extreme care.
4 Stepping stones and the age stairway
As we have seen, some age scales are more accurate than other (or more precise) and
few have a simple underlying physics. None can be used for all stellar masses and all
age values. Some, in fact, are very restrictive in their applicability. What it seems to be
clear is that some methods are more reliable than others. Thus, starting with our stellar
anchors (the age for the Sun and the limit imposed by the Big-Bang), it would be possible
to built a step-by-step age stairway. Coming back to the “jenga” analogy, to remove some
pieces from the bottom to locate them higher up in the pile. Or, perhaps, to discover we
need to start over again. As already stated in Mamajek et al. (2008): “we should aim for
consistency. A given property (or properties) allow us to sort a set of stellar associations
from the youngest to the oldest, even if we can not derive absolute ages... Eventually,
we should be able to construct different ages scales which should be consistent with each
other, and should produce absolute as well as relative ages”.
Figure 26, based on the results discussed here and on previous reviews (Mermilliod
2000; Mamajek et al. 2008; Soderblom 2010; Soderblom et al. 2014; Jeffries 2014),
displays one possible age stairway, based on different techniques and the degree of con-
fidence. The first level, the true anchors we have at our disposal, does not provide a
reference for ages younger than the Sun, so we have to rely on the most trustable. During
the last 20 year a consensus is being built around the LDB ages. However, it is only valid
at best for ages in the range 10-450 Myr. The deuterium depletion boundary can play a
similar role for younger associations (for a search in young associations, see Cody & Hil-
lenbrand 2011), as well as the radiative-convective gap. Population II stars can be dated
using several radiative heavy isotopes (232Th, 238U), but the method is far from useful as
yet. On the third level expanding ages (kinematics) in young moving groups are essen-
tially independent of models, and Gaia data will be crucial to verify whether they can be
used and trusted. On the other hand, gyrochronology can fill the age gap between ∼500
Myr and the oldest stars, specially for τ>1 Gyr. Several very well observed clusters (three
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with similar ages such as the Hyades, Praesepe and Coma, and NGC752 and M67) are be-
ing used to define the rotation decay with age. Kepler K2 has, in fact, taken data for some
of them. Asteroseismology provides a detailed knowledge of the stars, but it is strongly
dependent on models and this is the reason why it has been located in the next level.
Again, Kepler data (and eventually TESS, CHEOPS and PLATO) will have a lot to say,
specially in clusters. Complementary radial velocity data will be very handy. Moreover,
eclipsing binaries, with accurate radial velocities will be very helpful (specially multiple
systems and/or in associations of different ages), since the masses and evolutionary status
of the components could cover any point in the parameter space (high-, solar and low-
mass stars or even brown dwarfs; any luminosity class and even white dwarfs). After all
these processes have been understood, the evolutionary models can be recalibrated and
the isochrone fitting performed. Finally, other methods (lithium depletion in FGK stars,
stellar activity, gravity indicators and so on) could safely be applied. Note that the dia-
gram hides a dependency on mass, since each method is valid for a specific mass range
and this fact has to be taken into account in this quest for a definitive global age scale.
In order to calibrate properly these techniques, using the ones at lower levels, and to
provide a consistent picture, the overlapping age ranges are very important. Figure 26 also
includes a collection of young star forming regions, moving groups and clusters. These
associations have several excellent qualities (proximity, number of members, composi-
tion, age, proper motion, reddening, etc) and have been used recurrently in the literature.
On top of it, some fall on these overlapping age ranges and are pivotal to transfer age
estimates from one level to the next. As an example, the old open cluster M67 and the
radiometrical age from the Sun and the gyrochronology, or the BPMG for the lithium de-
pletion, the kinematics and, perhaps, the asteroseismology. Thus, some associations are
truly cornerstones or we believe they will become so. New data and analyses would make
them even more useful. Some examples follow.
4.1 A rising “star”: Lambda Orionis star forming region
As we have seen, very young stars pose specific problems because not only the complex-
ity of the phenomenology they can display (intense activity, fast evolution, circumstellar
disks, inhomogeneous intracloud extinction, and so on), but also for the lack of an age
anchor (see figure 2 and section 2). Gaia will not be very helpful here, specially for the
low-mass end, since it will not go deep enough and the youngest regions are better ob-
served in the near-infrared, which is attenuated by the absorption to a lesser extent than
the optical bands. Projects like DANCE (Bouy et al. 2013), with a multi-wavelength
approach, will be a significant step forward.
One very interesting star forming region is associated to the massive star λ Orionis.
It is located at about 400 pc (Murdin & Penston 1977). Duerr et al. (1982) identified
three associations within a very large bubble seen in Hα, later on photometric and spec-
troscopically characterized by Dolan & Mathieu (1999, 2001, 2002). Deeper photometry
and spectroscopy well inside the substellar domain have been published by Barrado y
Navascue´s et al. (2004a, 2007a,b) and Bayo et al. (2011, 2012).
The Lambda Orionis star forming region (LOSFR) includes associations in very dis-
tinct evolutionary status: Collinder 69 at the center, including λ Ori; Barnard 30 on the
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Hα rim, and Barnard 35 mid way between both, together with other younger population
recently identified in the area (Koenig et al. 2015). The ages are in the range 1 to 5 Myr
approximately, or even younger for some areas in the rim. The diversity of data already
collected in the the different parts would be very helpful to provide additional nails to the
age stairway for the younger steps.
4.2 Stellar associations: Beta Pic Moving Group
So far we have discussed very young star forming regions, open clusters with a large
diversity of ages (from 30/50 –depending on the age scale– to 4000 Myr) and old globular
clusters. Unfortunately, there is no nearby stellar association with an age between 10
and 50 Myr. This very important gap is filled with moving groups. We have already
discussed some age-related properties for few of them. O.J. Eggen carried out an intense
search for kinematic groups 50 years ago, some if not most are in fact not coeval, but
the blooming came with the initial discovery of apparently isolated TTauri stars (de la
Reza et al. 1989) and the identification of the moving group associated to the Classical
TTauri TW Hya, known as TWA (Kastner et al. 1997). TWA has been one of the prima
donna in this show. Another has been the BPMG, identified a little bit later on (Barrado
y Navascue´s et al. 1999b). Since then, a cascade of identifications of new MGs and
additional candidate members have been produced (see, for instance, Zuckerman et al.
2001; Zuckerman & Song 2004; Torres et al. 2001, 2008). A complete description can be
found in Kastner (2016). Certainly, Gaia will identify new members of these groups, as
well as discover new associations (as well as discarding candidate members or even some
proposed groups, as we have already mentioned).
Together with TWA, the BPMG plays an important role because of its membership
list, proximity and youth. Since Jura et al. (1998) suggested that the star β Pic was young,
a number of age estimates have been published, as listed in table 1 of Mamajek & Bell
(2014).
One of the most recent values have been derived by Binks & Jeffries (2014). The
original caption of Figure 27 reads: “Locating the LDB in 3 separate colour (or spectral-
type) vs. magnitude diagrams. New members from Table 1 and objects from the literature
are indicated. Absolute magnitudes are calculated from 2MASS K and a trigonometric
parallax where available or a kinematic distance otherwise. Known, unresolved bina-
ries are marked with ’B’. Black lines represent constant luminosity loci from Chabrier
& Baraffe (1997) where Li is predicted to be 99% depleted at the ages indicated. The
green and maroon lines are 10 and 20 Myr isochrones from Siess et al. (2000). The rect-
angle in each diagram represents the estimated LDB location and its uncertainty, based
on the faintest Li-depleted member and the brightest Li-rich member (but excluding the
unresolved binary at MK∼5.3).”
Another recent example comes from Mamajek & Bell (2014). Likewise, the caption
of their figure 6, include here as Figure 28, states: “MV , (B − V) CMDs of the A-, F- and
G-type BPMG members compared against the Yonsei-Yale (Y2; Demarque et al. 2004, top
left), Dartmouth (Dotter et al. 2008, top right), Pisa (Tognelli et al. 2011, bottom left) and
PARSEC (Bressan et al. 2012, bottom right) model isochrones. In all panels the upper
continuous line represents the position of the single-star sequence for the often quoted
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age of 12 Myr. Below this, the dot-dash and bounding dashed isochrones represent the
position based on the LDB age of 21±4 Myr according to Binks & Jeffries (2014). Finally,
the lower continuous line denotes the position for an age of 100 Myr. The squares rep-
resent the ’classic’ sample of members as defined by Zuckerman & Song (2004) whereas
the crosses denote additional members from Malo et al. (2013).”
Both techniques are conceptually very different but the final results agree quite well
with each other. However, if we survey different results in the last 20 years, we see
significant differences, specially before it was recognised that the most massive star, β
Pic, was young. For completeness, we have added several verbatim conclusions from a
collection of works:
• Lanz et al. (1995): “ ... the star is either a pre-main-sequence (PMS) star nearing
the zero-age main sequence (ZAMS), or it is a main-sequence star older than 0.3
Gyr.”
• Brunini & Benvenuto (1996): “ ... argues in favour of a large age for β Pic. How-
ever, the estimation of stellar ages employing cometary fluxes should be treated
with caution, on account of the diversity of possible planetary systems.”
• Barrado y Navascue´s et al. (1999b); Barrado y Navascu´es (2001): “The estimated
age for b Pic is then 20 ± 10 Myr, where the uncertainty in the age arises primarily
from possible errors in the pre-main-sequence isochrones and in the conversion
from color to effective temperature.”
• Malo et al. (2014) “We find that the inclusion of the magnetic field in evolutionary
models increase the isochronal age estimates for the K5V-M5V stars. Using these
models and field strengths, we derive an average isochronal age between 15 and
28 Myr and we confirm a clear Lithium Depletion Boundary from which an age of
26±3 Myr is derived, consistent with previous age estimates based on this method.”
• Binks & Jeffries (2014): “The LDB age of the BPMG is 21± 4 Myr and insensitive
to the choice of low-mass evolutionary models. This age is more precise, likely to
be more accurate, and much older than that commonly assumed for the BPMG.”
• Mamajek & Bell (2014): “The results from recent LDB and isochronal age anal-
yses are now in agreement with a median BPMG age of 23±3 Myr (overall 1σ
uncertainty, including ±2 Myr statistical and ±2 Myr systematic uncertainties).”
Going back to the recollection of Kastner (2016): “ ... They conclude that the age of
the βPMG should be revised upwards, from the widely quoted ∼12 Myr (Zuckerman et al.
2001; Torres et al. 2006) to ∼23 Myr (which is, ironically, closer to the original estimate
by Barrado y Navascue´s et al. 1999b). However, this refinement in the age of the βPMG
is perhaps less interesting than the conclusion by Mamajek & Bell (2014) that, at least in
application to the βPMG stars, the Li depletion boundary and isochronal age estimation
techniques are superior to kinematic methods of age determination.”
All in all, after every source of uncertainties has been taken into account, it seems that
the most advisable behaviour is to round up the age estimate and to keep the 20 Myr, and
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to include a generous error-bar. How to estimate the uncertainty from a realistic point of
view is, indeed, a complicated matter. Hopefully, Gaia will contribute to this discussion
and help us to reduce the errors and to get a better, accurate age.
4.3 The cornerstone: the Pleiades
One very relevant cluster, if not the most important, is the Pleiades, located at about 130
pc and with an age of 125 Myr. The Pleiades is known since Antiquity (it is mentioned
several times by Homer and the Babylonian named it MUL.MUL) and since then it has
been a astronomical milestone. We have already discussed the age of this association as
derived with different methods, and described in detail the LDB age (subsection 3.2.2).
The Pleiades distance is another contentious issue and two very divergent values based on
different methods. The parallax from Hipparcos (Perryman et al. 1997) gives and updated
distance of 120.2 ± 1.9 pc (van Leeuwen 2009), whereas isochrone fitting furnished a
value of 133.5± 1.2 pc (Pinsonneault et al. 1998). More recently, Melis et al. (2014) have
derived 136.2± 1.2 pc based on an accurate parallax for four bona fide members obtained
with the VLBI. Note that these values should, in principle, correspond to the distance to
the cluster center, whose core radius should be around 3 degrees, which corresponds to
5-6 pc.
There is an extraordinary amount of works devoted to the Pleiades in the literature
but, despite this fact, new cluster members have been uncovered (Sarro et al. 2014; Bouy
et al. 2015).
Figure 29, taken from Bouy et al. (2015), displays the HRD for the Pleiades. The
original caption says: “Hertzsprung-Russell diagram of the Pleiades (black dots) with
the Allard (2014) (red), Bressan et al. (2012) (light green) and Siess et al. (2000) (light
blue) models, as well as Praesepe’s sequence as reported in Kraus & Hillenbrand (2007)
(green).” It contains 2109 members and 812 are new, as derived from proper motions.
As a matter of fact, even a reanalysis of the Tycho catalogue (Høg et al. 2000), which
covers the Pleiades bright end of the cluster, has revealed 83 stars with high membership
probability.
In any case, the confrontation between the photometric and astrometric database cre-
ated by the DANCE project (Bouy et al. 2013) and theoretical models shows that there
are significant differences (see, for instance, their figure 7). This fact should affect, cer-
tainly, to age determinations. Since age scales depend, one way or another, to the Pleiades
chronology, we should be aware of this essential problem. Empirical cluster sequences,
such as those displayed in their figure 6, should help in order to alleviate this situation.
Comparison with “twin” clusters with similar ages, such as M35 (also observed with Ke-
pler K2) and Blanco 1, would also be very productive and interesting.
4.4 Solar-age cohort: M67
We have already met the M67 open cluster (NGC 2682) in the context of the WD dating.
It is relatively close (m-M=9.60, Nissen et al. 1987, and well populated. Its members
are distributed in relatively small area on the sky (∼ 1 square deg), making photometric
studies easier than in the case of very compacted clusters or dispersed ones. But the
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most interesting characteristics are, perhaps, its age, close to that of the Sun, and its
metallicity, also solar. Using different methods, the age of the cluster has been estimated
in the range 3-5 Gyr (Yadav et al. 2008). Therefore, this cluster can be used to compare
how different properties, such as rotation, stellar activity, lithium abundances, behave in
stars of different mass with the solar age, helping to understand the evolutionary status
and structure of the Sun.
In particular, lithium abundances of solar-type stars belonging to this cluster have been
studied in detail (Hobbs & Pilachowski 1986 ; Garcia Lopez et al. 1988 ; Balachandran
1995; Pasquini et al. 2008) presented a very detailed study of the lithium in this cluster,
including the effect of rotation in tidally locked binary systems evolving off the main-
sequence (Barrado y Navascue´s et al. 1997). As we have seen, M67 is within one of the
the Kepler K2 field, so eventually accurate rotational periods will be available. Thus, it
will add key information for the gyrochronology. It is also very well suited for asteroseis-
mological studies (although its members are quite faint). Thus, its role as a fundamental
calibrator is assured.
This is just a sort list, but stellar associations such as ONC (∼1 Myr), IC2602/IC2391
(∼50 Myr), the Hyades (∼625 Myr), NGC752 (∼1.6 Gyr) or Ruprecht 147 (aka NGC
6774, ∼4 Gyr), among others (see Figure 26) would serve, as we have pointed out, as
stepping stones towards a age scale system. As a summary, we need all of them to cross
this “dangerous” waters and reach the other side, the “promised land” of accurate ages.
5 Conclusions
We have revisited methods most frequently used to derive stellar ages and discuss some
of the pros and many drawbacks. After this overview, there are different factors which
should be taken into account:
1. Anchors: We have very few absolute values for the age scale. Depending on how
strict we are, perhaps only one.
2. Most phenomena we are dealing with are outside the age range defined by the
anchors. We, thus, are to certain extent extrapolating. Beware!
3. Primary indicators: Different evolutionary codes which produce different sets of
models. Even for the same set, chemical composition and the detailed physics can
modify the results.
4. Primary indicators: Conversions observation-theory, a thorny problem.
5. Primary indicators: Can we assume coevality? Stellar associations show an ap-
parent age spread but this might be related with second-order parameters (rotation,
activity, magnetic fields, accretion, binarity, etc), which can modify the stellar prop-
erties.
6. Secondary indicators: Do we really know the ages of the well-known SFR and
clusters? They are used to calibrate secondary (or empirical) indicators and if they
are biased we can miss the target completely.
David Barrado: Clusters: age scales for stellar physics 49
7. Secondary indicators: Do we really understand the properties we use, such as stellar
activity?
8. Secondary indicators: Again, coevality. Can we assume it on members of cluster,
star forming regions and, specially, moving groups?
9. Consistency: Different masses and ages are derived by different methods.
10. Consistency: Each age value is linked to models and to specific scales. This is
something which cannot be forgotten when comparing results.
Almost finishing, we would like to list few additional suggestions and caveats:
1. Models are complex beasts with a lot of physics inside, never forget.
2. Be realistic with error-bars. It is always safer.
3. Keep in mind the difference between precision and accuracy.
4. Search “below the carpet”. Any estimate has interesting details and subtleties which
are not always obvious.
5. From a more general perspective, it is advisable to read papers, specially old ones.
6. Give credit to previous results, even if they look “old”.
7. Be skeptical. This is one of the most important tools scientists have.
All these caveats and limitations should emphasize that still there is a lot of work to
be done, many problems await resolutions. But this situation should not hide the fact
the extraordinaries advances we, as a community, have achieved. We know many things
about stellar evolution and its scales, now we have to improve the details. We have already
have sketched, in Figure 26, how to carry out a complete program to create a sound age
stairway with reliable age scales for different masses and evolutionary stages.
Just to finish, a quote from Jean-Baptiste Delambre, from what is said to be the first
modern history of astronomy: “The history owns nothing to the dead except the truth”1
(Delambre 1821). After all, science is itself a stairway were all steps, any contribution,
even if they are very short, are very important.
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50 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
References
Adams, F. C., Lada, C. J., & Shu, F. H. 1987, ApJ, 312, 788
Alexander, J. B. 1986, MNRAS, 220, 473
Allard, F. 2014, in IAU Symposium, Vol. 299, Exploring the Formation and Evolution of
Planetary Systems, ed. M. Booth, B. C. Matthews, & J. R. Graham, 271–272
Allard, F., Homeier, D., Freytag, B., & Sharp, C. M. 2012, in EAS Publications Series,
Vol. 57, EAS Publications Series, ed. C. Reyle´, C. Charbonnel, & M. Schultheis, 3–43
Amelin, Y., Krot, A. N., Hutcheon, I. D., & Ulyanov, A. A. 2002, Science, 297, 1678
Aumann, H. H., Beichman, C. A., Gillett, F. C., et al. 1984, ApJ, 278, L23
Backman, D. E. & Paresce, F. 1993, in Protostars and Planets III, ed. E. H. Levy & J. I.
Lunine, 1253–1304
Bahcall, J. N., Pinsonneault, M. H., & Wasserburg, G. J. 1995, Reviews of Modern
Physics, 67, 781
Baker, J., Bizzarro, M., Wittig, N., Connelly, J., & Haack, H. 2005, Nature, 436, 1127
Balachandran, S. 1995, ApJ, 446, 203
Baraffe, I., Chabrier, G., Allard, F., & Hauschildt, P. H. 1998, A&A, 337, 403
Barnes, S. A. 2007, ApJ, 669, 1167
Barrado, D., Bouy, H., Bouvier, J., et al. 2016, ArXiv e-print 1608.02751
Barrado, D., Fernandez-Figueroa, M. J., Montesinos, B., & de Castro, E. 1994, A&A,
290, 137
Barrado y Navascues, D. 1998, A&A, 339, 831
Barrado y Navascu´es, D. 2001, in Astronomical Society of the Pacific Conference Series,
Vol. 244, Young Stars Near Earth: Progress and Prospects, ed. R. Jayawardhana &
T. Greene, 63
Barrado y Navascue´s, D. 2006, A&A, 459, 511
Barrado y Navascue´s, D., Bayo, A., Morales-Caldero´n, M., et al. 2007a, A&A, 468, L5
Barrado y Navascue´s, D., Bayo, A., Morales-Caldero´n, M., & Sarro, L. M. 2011, in Stellar
Clusters & Associations: A RIA Workshop on Gaia, 176–192
Barrado y Navascue´s, D., Deliyannis, C. P., & Stauffer, J. R. 2001a, ApJ, 549, 452
Barrado y Navascue´s, D., Garcı´a Lo´pez, R. J., Severino, G., & Gomez, M. T. 2001b,
A&A, 371, 652
David Barrado: Clusters: age scales for stellar physics 51
Barrado y Navascue´s, D. & Martı´n, E. L. 2003, AJ, 126, 2997
Barrado y Navascues, D. & Stauffer, J. R. 1996, A&A, 310, 879
Barrado y Navascue´s, D., Stauffer, J. R., & Bouvier, J. 1998a, Ap&SS, 263, 239
Barrado y Navascue´s, D., Stauffer, J. R., & Bouvier, J. 2005, in Astrophysics and Space
Science Library, Vol. 327, The Initial Mass Function 50 Years Later, ed. E. Corbelli,
F. Palla, & H. Zinnecker, 133
Barrado y Navascue´s, D., Stauffer, J. R., Bouvier, J., Jayawardhana, R., & Cuillandre,
J.-C. 2004a, ApJ, 610, 1064
Barrado y Navascue´s, D., Stauffer, J. R., Bouvier, J., & Martı´n, E. L. 2001c, ApJ, 546,
1006
Barrado y Navascue´s, D., Stauffer, J. R., Hartmann, L., & Balachandran, S. 1997,
Mem. Soc. Astron. Italiana, 68, 939
Barrado y Navascue´s, D., Stauffer, J. R., & Jayawardhana, R. 2004b, ApJ, 614, 386
Barrado y Navascue´s, D., Stauffer, J. R., Morales-Caldero´n, M., et al. 2007b, ApJ, 664,
481
Barrado y Navascue´s, D., Stauffer, J. R., & Patten, B. M. 1999a, ApJ, 522, L53
Barrado y Navascue´s, D., Stauffer, J. R., & Randich, S. 1998b, ApJ, 506, 347
Barrado y Navascue´s, D., Stauffer, J. R., Song, I., & Caillault, J.-P. 1999b, ApJ, 520, L123
Basri, G., Marcy, G. W., & Graham, J. R. 1996, ApJ, 458, 600
Basri, G. & Martı´n, E. L. 1999, ApJ, 510, 266
Bayo, A., Barrado, D., Hue´lamo, N., et al. 2012, A&A, 547, A80
Bayo, A., Barrado, D., Stauffer, J., et al. 2011, A&A, 536, A63
Bayo, A., Rodrigo, C., Barrado y Navascue´s, D., et al. 2008, A&A, 492, 277
Bell, C. P. M., Mamajek, E. E., & Naylor, T. 2015, ArXiv e-prints
Bergeron, P., Saumon, D., & Wesemael, F. 1995, ApJ, 443, 764
Bethe, H. A. 1939, Physical Review, 55, 434
Binks, A. S. & Jeffries, R. D. 2014, MNRAS, 438, L11
Blaauw, A. 1952a, Bull. Astron. Inst. Netherlands, 11, 405
Blaauw, A. 1952b, Bull. Astron. Inst. Netherlands, 11, 414
Boesgaard, A. M. 1987a, PASP, 99, 1067
52 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Boesgaard, A. M. 1987b, ApJ, 321, 967
Boesgaard, A. M. 1991, ApJ, 370, L95
Boesgaard, A. M. & Budge, K. G. 1988, ApJ, 332, 410
Boesgaard, A. M. & Budge, K. G. 1989, ApJ, 338, 875
Boesgaard, A. M., Budge, K. G., & Ramsay, M. E. 1988, ApJ, 327, 389
Boesgaard, A. M. & Tripicco, M. J. 1986a, ApJ, 303, 724
Boesgaard, A. M. & Tripicco, M. J. 1986b, ApJ, 302, L49
Bonanno, A., Schlattl, H., & Paterno`, L. 2002, A&A, 390, 1115
Bouvier, J. 2008, A&A, 489, L53
Bouy, H., Bertin, E., Moraux, E., et al. 2013, A&A, 554, A101
Bouy, H., Bertin, E., Sarro, L. M., et al. 2015, A&A, 577, A148
Bovy, J. 2016, ApJ, 817, 49
Boyajian, T. S., McAlister, H. A., van Belle, G., et al. 2012, ApJ, 746, 101
Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127
Brunini, A. & Benvenuto, O. G. 1996, MNRAS, 283, L84
Burgasser, A. J., Kirkpatrick, J. D., Brown, M. E., et al. 1999, ApJ, 522, L65
Burke, C. J., Pinsonneault, M. H., & Sills, A. 2004, ApJ, 604, 272
Caballero, J. A. 2010, A&A, 514, A98
Cargile, P. A., James, D. J., & Jeffries, R. D. 2010, ApJ, 725, L111
Cassisi, S. 2014, in EAS Publications Series, Vol. 65, EAS Publications Series, 17–74
Cayrel, R., Hill, V., Beers, T. C., et al. 2001, Nature, 409, 691
Chaboyer, B. 2001, in Astronomical Society of the Pacific Conference Series, Vol. 245,
Astrophysical Ages and Times Scales, ed. T. von Hippel, C. Simpson, & N. Manset,
162
Chabrier, G., Baraffe, I., Allard, F., & Hauschildt, P. 2000, ApJ, 542, 464
Cody, A. M. & Hillenbrand, L. A. 2011, ApJ, 741, 9
Cui, X.-Q., Zhao, Y.-H., Chu, Y.-Q., et al. 2012, Research in Astronomy and Astro-
physics, 12, 1197
Cunha, M. S., Aerts, C., Christensen-Dalsgaard, J., et al. 2007, A&A Rev., 14, 217
David Barrado: Clusters: age scales for stellar physics 53
Cushing, M. C., Kirkpatrick, J. D., Gelino, C. R., et al. 2011, ApJ, 743, 50
Dahm, S. E. 2015, ApJ, 813, 108
Dalton, G., Trager, S. C., Abrams, D. C., et al. 2012, in Proc. SPIE, Vol. 8446, Ground-
based and Airborne Instrumentation for Astronomy IV, 84460P
D’Antona, F., Caloi, V., & Mazzitelli, I. 1997, ApJ, 477, 519
D’Antona, F., Ventura, P., Mazzitelli, I., & Zeppieri, A. 1998, Mem. Soc. Astron. Italiana,
69, 575
David, T. J., Hillenbrand, L. A., Cody, A. M., Carpenter, J. M., & Howard, A. W. 2016,
ApJ, 816, 21
David, T. J., Stauffer, J., Hillenbrand, L. A., et al. 2015, ApJ, 814, 62
de la Reza, R., Torres, C. A. O., Quast, G., Castilho, B. V., & Vieira, G. L. 1989, ApJ,
343, L61
Deheuvels, S., Branda˜o, I., Silva Aguirre, V., et al. 2016, ArXiv e-prints
Delambre, J. B. J. 1821, Histoire de l’astronomie moderne
Demarque, P., Woo, J.-H., Kim, Y.-C., & Yi, S. K. 2004, ApJS, 155, 667
Dias, W. S., Alessi, B. S., Moitinho, A., & Le´pine, J. R. D. 2002, A&A, 389, 871
Dobbie, P. D., Lodieu, N., & Sharp, R. G. 2010, MNRAS, 409, 1002
Dolan, C. J. & Mathieu, R. D. 1999, AJ, 118, 2409
Dolan, C. J. & Mathieu, R. D. 2001, AJ, 121, 2124
Dolan, C. J. & Mathieu, R. D. 2002, AJ, 123, 387
Dotter, A., Chaboyer, B., Jevremovic´, D., et al. 2008, ApJS, 178, 89
Duerr, R., Imhoff, C. L., & Lada, C. J. 1982, ApJ, 261, 135
Durrell, P. R. & Harris, W. E. 1993, AJ, 105, 1420
Eggenberger, P., Haemmerle´, L., Meynet, G., & Maeder, A. 2012, A&A, 539, A70
Faulkner, J. 1966, ApJ, 144, 978
Garcia Lopez, R. J., Rebolo, R., & Beckman, J. E. 1988, PASP, 100, 1489
Gilmore, G., Randich, S., Asplund, M., et al. 2012, The Messenger, 147, 25
Hansen, B. M. S. 1999, ApJ, 520, 680
Hansen, C. J. & Kawaler, S. D. 1994, Stellar Interiors. Physical Principles, Structure, and
Evolution., 84
54 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Harris, W. E. 1996, AJ, 112, 1487
Hartman, J. D., Bakos, G. A´., Kova´cs, G., & Noyes, R. W. 2010, MNRAS, 408, 475
Hillenbrand, L. A., Bauermeister, A., & White, R. J. 2008, in Astronomical Society of the
Pacific Conference Series, Vol. 384, 14th Cambridge Workshop on Cool Stars, Stellar
Systems, and the Sun, ed. G. van Belle, 200
Hillenbrand, L. A. & White, R. J. 2004, ApJ, 604, 741
Hobbs, L. M. & Pilachowski, C. 1986, ApJ, 311, L37
Høg, E., Fabricius, C., Makarov, V. V., et al. 2000, A&A, 355, L27
Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398
Hue´lamo, N., Vaz, L. P. R., Torres, C. A. O., et al. 2009, A&A, 503, 873
Jeffries, R. D. 1999, MNRAS, 309, 189
Jeffries, R. D. 2006, Pre-Main-Sequence Lithium Depletion, ed. S. Randich &
L. Pasquini, 163
Jeffries, R. D. 2012, Astrophysics and Space Science Proceedings, 29, 163
Jeffries, R. D. 2014, in EAS Publications Series, Vol. 65, EAS Publications Series, 289–
325
Jeffries, R. D., Jackson, R. J., James, D. J., & Cargile, P. A. 2009, MNRAS, 400, 317
Jeffries, R. D., James, D. J., & Thurston, M. R. 1998, MNRAS, 300, 550
Jeffries, R. D., Naylor, T., Mayne, N. J., Bell, C. P. M., & Littlefair, S. P. 2013, MNRAS,
434, 2438
Jeffries, R. D. & Oliveira, J. M. 2005, MNRAS, 358, 13
Jeffries, R. D., Oliveira, J. M., Barrado y Navascue´s, D., & Stauffer, J. R. 2003, MNRAS,
343, 1271
Jimenez, R. 1998, Proceedings of the National Academy of Science, 95, 13
Jimenez, R., Thejll, P., Jorgensen, U. G., MacDonald, J., & Pagel, B. 1996, MNRAS, 282,
926
Jones, J., White, R. J., Boyajian, T., et al. 2015, ApJ, 813, 58
Jørgensen, B. R. & Lindegren, L. 2005, A&A, 436, 127
Juarez, A. J., Cargile, P. A., James, D. J., & Stassun, K. G. 2014, ApJ, 795, 143
Jura, M., Malkan, M., White, R., et al. 1998, ApJ, 505, 897
David Barrado: Clusters: age scales for stellar physics 55
Kastner, J. H. 2016, in IAU Symposium, Vol. 314, IAU Symposium, ed. J. H. Kastner,
B. Stelzer, & S. A. Metchev, 16–20
Kastner, J. H., Zuckerman, B., Weintraub, D. A., & Forveille, T. 1997, Science, 277, 67
Kepler, S. O., Kleinman, S. J., Nitta, A., et al. 2007, MNRAS, 375, 1315
King, J. R., Krishnamurthi, A., & Pinsonneault, M. H. 2000, AJ, 119, 859
King, J. R. & Schuler, S. C. 2004, AJ, 128, 2898
King, J. R., Schuler, S. C., Hobbs, L. M., & Pinsonneault, M. H. 2010, ApJ, 710, 1610
King, J. R., Villarreal, A. R., Soderblom, D. R., Gulliver, A. F., & Adelman, S. J. 2003,
AJ, 125, 1980
Kirkpatrick, J. D., Reid, I. N., Liebert, J., et al. 1999, ApJ, 519, 802
Koenig, X., Hillenbrand, L. A., Padgett, D. L., & DeFelippis, D. 2015, AJ, 150, 100
Kova´cs, G. 2015, A&A, 581, A2
Kraft, R. P. 1967, ApJ, 150, 551
Kraus, A. L. & Hillenbrand, L. A. 2007, AJ, 134, 2340
Krauss, L. M. & Chaboyer, B. 2003, Science, 299, 65
Lada, C. J. 1987, in IAU Symposium, Vol. 115, Star Forming Regions, ed. M. Peimbert
& J. Jugaku, 1–17
Lagrange, A.-M., Gratadour, D., Chauvin, G., et al. 2009, A&A, 493, L21
Lanz, T., Heap, S. R., & Hubeny, I. 1995, ApJ, 447, L41
Lebreton, Y., Goupil, M. J., & Montalba´n, J. 2014a, in EAS Publications Series, Vol. 65,
EAS Publications Series, 99–176
Lebreton, Y., Goupil, M. J., & Montalba´n, J. 2014b, in EAS Publications Series, Vol. 65,
EAS Publications Series, 177–223
Lee, Y.-W., Demarque, P., & Zinn, R. 1994, ApJ, 423, 248
Lillo-Box, J., Barrado, D., Henning, T., et al. 2014a, A&A, 568, L1
Lillo-Box, J., Barrado, D., Moya, A., et al. 2014b, A&A, 562, A109
Lo´pez-Santiago, J., Montes, D., Ga´lvez-Ortiz, M. C., et al. 2010, A&A, 514, A97
Lyra, W., Moitinho, A., van der Bliek, N. S., & Alves, J. 2006, A&A, 453, 101
Magazzu, A., Martin, E. L., & Rebolo, R. 1993, ApJ, 404, L17
56 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Makarov, V. V. 2007, ApJS, 169, 105
Malkov, O. Y., Oblak, E., Snegireva, E. A., & Torra, J. 2006, A&A, 446, 785
Malo, L., Doyon, R., Feiden, G. A., et al. 2014, ApJ, 792, 37
Malo, L., Doyon, R., Lafrenie`re, D., et al. 2013, ApJ, 762, 88
Mamajek, E. E., Barrado y Navascue´s, D., Randich, S., et al. 2008, in Astronomical
Society of the Pacific Conference Series, Vol. 384, 14th Cambridge Workshop on Cool
Stars, Stellar Systems, and the Sun, ed. G. van Belle, 374
Mamajek, E. E., Bartlett, J. L., Seifahrt, A., et al. 2013, AJ, 146, 154
Mamajek, E. E. & Bell, C. P. M. 2014, MNRAS, 445, 2169
Mamajek, E. E. & Hillenbrand, L. A. 2008, ApJ, 687, 1264
Manzi, S., Randich, S., de Wit, W. J., & Palla, F. 2008, A&A, 479, 141
Marı´n-Franch, A., Aparicio, A., Piotto, G., et al. 2009, ApJ, 694, 1498
Marois, C., Macintosh, B., Barman, T., et al. 2008, Science, 322, 1348
Marois, C., Zuckerman, B., Konopacky, Q. M., Macintosh, B., & Barman, T. 2010, Na-
ture, 468, 1080
Maxted, P. F. L., Serenelli, A. M., & Southworth, J. 2015a, A&A, 575, A36
Maxted, P. F. L., Serenelli, A. M., & Southworth, J. 2015b, A&A, 577, A90
Mayne, N. J., Naylor, T., Littlefair, S. P., Saunders, E. S., & Jeffries, R. D. 2007, MNRAS,
375, 1220
Melis, C., Reid, M. J., Mioduszewski, A. J., Stauffer, J. R., & Bower, G. C. 2014, Science,
345, 1029
Mentuch, E., Brandeker, A., van Kerkwijk, M. H., Jayawardhana, R., & Hauschildt, P. H.
2008, ApJ, 689, 1127
Mermilliod, J. C. 1981, A&A, 97, 235
Mermilliod, J.-C. 2000, in Astronomical Society of the Pacific Conference Series, Vol.
198, Stellar Clusters and Associations: Convection, Rotation, and Dynamos, ed.
R. Pallavicini, G. Micela, & S. Sciortino, 105–+
Michaud, G. & Charbonneau, P. 1991, Space Sci. Rev., 57, 1
Montes, D., Lo´pez-Santiago, J., Ga´lvez, M. C., et al. 2001, MNRAS, 328, 45
Montes, D. & Martin, E. L. 1998, A&AS, 128, 485
David Barrado: Clusters: age scales for stellar physics 57
Montes, D., Martin, E. L., Fernandez-Figueroa, M. J., Cornide, M., & de Castro, E. 1997,
A&AS, 123
Moya, A., Amado, P. J., Barrado, D., et al. 2010a, MNRAS, 405, L81
Moya, A., Amado, P. J., Barrado, D., et al. 2010b, MNRAS, 406, 566
Murdin, P. & Penston, M. V. 1977, MNRAS, 181, 657
Murphy, S. J. & Lawson, W. A. 2015, MNRAS, 447, 1267
Napiwotzki, R., Schoenberner, D., & Wenske, V. 1993, A&A, 268, 653
Naylor, T. 2009, MNRAS, 399, 432
Naylor, T., Mayne, N. J., Jeffries, R. D., Littlefair, S. P., & Saunders, E. S. 2009, in
IAU Symposium, Vol. 258, IAU Symposium, ed. E. E. Mamajek, D. R. Soderblom, &
R. F. G. Wyse, 103–110
Nissen, P. E., Twarog, B. A., & Crawford, D. L. 1987, AJ, 93, 634
Noyes, R. W., Weiss, N. O., & Vaughan, A. H. 1984, ApJ, 287, 769
Oliveira, J. M., Jeffries, R. D., Devey, C. R., et al. 2003, MNRAS, 342, 651
Oppenheimer, B. R., Basri, G., Nakajima, T., & Kulkarni, S. R. 1997, AJ, 113, 296
Ortega, V. G., de la Reza, R., Jilinski, E., & Bazzanella, B. 2002, ApJ, 575, L75
Ortega, V. G., de la Reza, R., Jilinski, E., & Bazzanella, B. 2004, ApJ, 609, 243
Pasquini, L., Biazzo, K., Bonifacio, P., Randich, S., & Bedin, L. R. 2008, A&A, 489, 677
Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3
Perryman, M. A. C., Lindegren, L., Kovalevsky, J., et al. 1997, A&A, 323, L49
Pilachowski, C. 1986, ApJ, 300, 289
Pilachowski, C., Saha, A., & Hobbs, L. M. 1988, PASP, 100, 474
Pilachowski, C. A., Booth, J., & Hobbs, L. M. 1987, PASP, 99, 1288
Pilachowski, C. A., Mould, J. R., & Siegel, M. J. 1984, ApJ, 282, L17
Pinsonneault, M. H., Stauffer, J., Soderblom, D. R., King, J. R., & Hanson, R. B. 1998,
ApJ, 504, 170
Piskunov, A. E. & Belikov, A. N. 1996, Astronomy Letters, 22, 466
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2015, ArXiv e-prints
Popper, D. M. 1980, ARA&A, 18, 115
58 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Pozio, F. 1991, Mem. Soc. Astron. Italiana, 62, 171
Preibisch, T. 2012, Research in Astronomy and Astrophysics, 12, 1
Prisinzano, L., Micela, G., Sciortino, S., Affer, L., & Damiani, F. 2012, A&A, 546, A9
Randich, S. 2001, A&A, 377, 512
Randich, S., Gilmore, G., & Gaia-ESO Consortium. 2013, The Messenger, 154, 47
Randich, S., Pallavicini, R., Meola, G., Stauffer, J. R., & Balachandran, S. C. 2001, A&A,
372, 862
Rebolo, R., Martin, E. L., & Magazzu, A. 1992, ApJ, 389, L83
Rebull, L. M., Stauffer, J. R., Bouvier, J., et al. 2016a, ArXiv e-prints
Rebull, L. M., Stauffer, J. R., Bouvier, J., et al. 2016b, ArXiv e-prints
Renzini, A. 1991, in IAU Symposium, Vol. 148, The Magellanic Clouds, ed. R. Haynes
& D. Milne, 165
Renzini, A. 1992, in IAU Symposium, Vol. 149, The Stellar Populations of Galaxies, ed.
B. Barbuy & A. Renzini, 325
Richer, H. B., Fahlman, G. G., Rosvick, J., & Ibata, R. 1998, ApJ, 504, L91
Rodriguez, D. R., Zuckerman, B., Kastner, J. H., et al. 2013, ApJ, 774, 101
Roman, N. G. 1949, ApJ, 110, 205
Sacco, G. G., Jeffries, R. D., Randich, S., et al. 2015, A&A, 574, L7
Salaris, M., Garcı´a-Berro, E., Hernanz, M., Isern, J., & Saumon, D. 2000, ApJ, 544, 1036
Salpeter, E. E. 1955, ApJ, 121, 161
Sandage, A. 1970, ApJ, 162, 841
Sandage, A. R. & Schwarzschild, M. 1952, ApJ, 116, 463
Sarajedini, A. & Demarque, P. 1990, ApJ, 365, 219
Sarro, L. M., Bouy, H., Berihuete, A., et al. 2014, A&A, 563, A45
Scho¨nrich, R., Binney, J., & Dehnen, W. 2010, MNRAS, 403, 1829
Schro¨der, K.-P., Mittag, M., Hempelmann, A., Gonza´lez-Pe´rez, J. N., & Schmitt,
J. H. M. M. 2013, A&A, 554, A50
Shkolnik, E., Liu, M. C., Reid, I. N., et al. 2008, ApJ, 682, 1248
Shkolnik, E. L., Anglada-Escude´, G., Liu, M. C., et al. 2012, ApJ, 758, 56
David Barrado: Clusters: age scales for stellar physics 59
Shkolnik, E. L., Liu, M. C., Reid, I. N., Dupuy, T., & Weinberger, A. J. 2011, ApJ, 727, 6
Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593
Skumanich, A. 1972, ApJ, 171, 565
Soderblom, D. R. 2010, ARA&A, 48, 581
Soderblom, D. R., Fedele, S. B., Jones, B. F., Stauffer, J. R., & Prosser, C. F. 1993a, AJ,
106, 1080
Soderblom, D. R., Hillenbrand, L. A., Jeffries, R. D., Mamajek, E. E., & Naylor, T. 2014,
Protostars and Planets VI, 219
Soderblom, D. R., Jones, B. F., Balachandran, S., et al. 1993b, AJ, 106, 1059
Soderblom, D. R. & Mayor, M. 1993, AJ, 105, 226
Soderblom, D. R., Pilachowski, C. A., Fedele, S. B., & Jones, B. F. 1993c, AJ, 105, 2299
Somers, G. & Pinsonneault, M. H. 2014, ApJ, 790, 72
Somers, G. & Pinsonneault, M. H. 2015, ArXiv e-prints
Song, I., Bessell, M. S., & Zuckerman, B. 2002, ApJ, 581, L43
Song, I., Caillault, J.-P., Barrado y Navascue´s, D., & Stauffer, J. R. 2001, ApJ, 546, 352
Song, I., Zuckerman, B., & Bessell, M. S. 2003, ApJ, 599, 342
Stassun, K. G. 2008, in Astronomical Society of the Pacific Conference Series, Vol. 384,
14th Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun, ed. G. van
Belle, 214
Stassun, K. G., Feiden, G. A., & Torres, G. 2014, New A Rev., 60, 1
Stauffer, J., Cody, A. M., Rebull, L., et al. 2016, AJ, 151, 60
Stauffer, J. R., Barrado y Navascue´s, D., Bouvier, J., et al. 1999, ApJ, 527, 219
Stauffer, J. R., Jones, B. F., Backman, D., et al. 2003, AJ, 126, 833
Stauffer, J. R., Schultz, G., & Kirkpatrick, J. D. 1998, ApJ, 499, L199+
Strassmeier, K. G., Hall, D. S., Fekel, F. C., & Scheck, M. 1993, A&AS, 100, 173
Stuik, R., Bruls, J. H. M. J., & Rutten, R. J. 1997, A&A, 322, 911
Terndrup, D. M. 2008, in Astronomical Society of the Pacific Conference Series, Vol.
384, 14th Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun, ed. G. van
Belle, 240
Tognelli, E., Prada Moroni, P. G., & Degl’Innocenti, S. 2011, A&A, 533, A109
60 Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Tognelli, E., Prada Moroni, P. G., & Degl’Innocenti, S. 2015, MNRAS, 449, 3741
Torres, C. A. O., Quast, G. R., da Silva, L., et al. 2006, A&A, 460, 695
Torres, C. A. O., Quast, G. R., de La Reza, R., da Silva, L., & Melo, C. H. F. 2001,
in Astronomical Society of the Pacific Conference Series, Vol. 244, Young Stars Near
Earth: Progress and Prospects, ed. R. Jayawardhana & T. Greene, 43
Torres, C. A. O., Quast, G. R., Melo, C. H. F., & Sterzik, M. F. 2008, Young Nearby
Loose Associations, ed. B. Reipurth, 757
Valls-Gabaud, D. 2014, in EAS Publications Series, Vol. 65, EAS Publications Series,
225–265
van Leeuwen, F. 2009, A&A, 500, 505
Vandenberg, D. A., Bolte, M., & Stetson, P. B. 1990, JRASC, 84, 412
Vandenberg, D. A., Bolte, M., & Stetson, P. B. 1996, ARA&A, 34, 461
Vandenberg, D. A. & Durrell, P. R. 1990, AJ, 99, 221
Wang, S., Fan, Z., Ma, J., de Grijs, R., & Zhou, X. 2010a, AJ, 139, 1438
Wang, S., Li, X.-D., & Li, M. 2010b, Phys. Rev. D, 82, 103006
Yadav, R. K. S., Bedin, L. R., Piotto, G., et al. 2008, A&A, 484, 609
Zuckerman, B. & Song, I. 2004, ARA&A, 42, 685
Zuckerman, B., Song, I., Bessell, M. S., & Webb, R. A. 2001, ApJ, 562, L87
David Barrado: Clusters: age scales for stellar physics 61
Fig. 27. CMD with the age estimate for BPMG based on the Lithium Depletion Boundary. Both
panels come from Binks & Jeffries (2014).
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Fig. 28. Several Color-Magnitude Diagrams for the BPMG. The panels have been taken from
figure from Mamajek & Bell (2014).
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Fig. 29. HR diagram for all known members of the Pleiades, as a comparison with several models.
The figure has been taken from Bouy et al. (2015).
